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The c a p a b i l i t y  of the  NASA-Lewis-sponsored Blade Loss Turbine Engine 
Trans i en t  Response Analys is  (TETRA) computer program has been enhanced i n  two 
ways. These are: ( 1 )  development of a f l e x i b l e  bladed-disk module, i t s  
inco rpora t ion  i n  TETRA and i t s  i n s t a l l a t i o n  i n  t h e  NASA-Lewis computer, and 
( 2 )  p r e p a r a t i o n  of a s t r u c t u r a l  model of t he  General E l e c t r i c  E3 Engine f o r  
TETRA a n a l y s i s .  
The f l e x i b l e  bladed-disk (FBD) moc'ule was developed f o r  t he  nonequi l ib-  
r a t e d  one-diameter bladed-disk mode. The FBD motion i s  considered as a sum of  
two s t and ing  waves cons t r a ined  (bu t  not r o t a t i n g )  t o  t h e  r o t o r .  
coupled i n e r t i a l l y  and gy roscop ica l ly  t o  i t s  r o t o r  support  and i n d i r e c t l y  
through connec t ing  e lements ,  t o  t h e  ad jacen t  r o t o r  andlor  o t h e r  suppor t ing  
s t r u c t u r e s .  Incorpora ted  i n  t h e  b a s i c  TETRA, t h e  FBD module i s  demonstrated 
wi th  a two-rotor model where the  FBD i s  on one r o t o r .  Results of  the  program 
demonstrate  t h a t  the FBD can be exc i t ed  i n t o  resonance by an unbalance i n  the  
ad jacen t  r o t o r  and a t  a frequency equal  t o  t h e  d i f f e r e n t i a l  r o t o r  speeds .  
The FBD is 
The FBD module al lows two f lex ib le -b laded  d i s k s  i n  only one r o t o r .  Tran- 
s i e n t  FBD stresses and d e f l e c t i o n s  are c a l c u l a t e d  from the  normal mode 
and the  dynamic FBD gene ra l i zed  coord ina te s .  
input  
The p r i n c i p a l  o b j e c t  o f  t h e  E3 engine s t r u c t u r a l  modeling a c t i v i t y  was t o  
provide an engine s t r u c t u r a l  model which can be u s e d  t o  e x e r c i s e  the  TETRA 
program f o r  engine t r a n s i e n t  response under unbalance.  Th i s  i n v e s t i g a t i o n a l  
e f f o r t  would exp lo re  the range of c a p a b i l i t i e s  of  the  TE'JXA computer program 
a s  wel l  as  d e f i n e  i t s  l i m i t a t i o n s .  From these  r e s u l t s ,  sys t ema t i c  c r i t e r i a  
f o r  the optimum modeling and a n a l y s i s  of  t u rb ine  engine  dynamics response can 
be e s t a b l i s h e d .  
Hence the  e s s e n t i a l  t a s k  was t o  prGv1:iZ the  fol lowing items: 
1. 
2 .  
3.  
4 .  
A n  E3 s t r u c t u r a l  schematic  diagram i n c l t 4 i n g  d e s c r i p t i o n s  of i n t e r -  
connec t ions ,  r o t o r s ,  ca s ing ,  and boundary cond i t ions .  
A breakdown of the  e n t i r e  engine s t i u c t u r e  i n t o  t h r e e  major sub- 
systems: high p res su re  r o t o r ,  low p rzs su re  rotor ,  and cas ing ,  
inc luding  the  in t e rconnec t ions .  
The r e s u l t s  O E  modal a n a l y s i s  of each of the  th ree  major components: 
modal f requencies ,  modal p o t e n t i a l  or k i n e t i c  e n e r g i e s ,  and modal 
displacements  and s lopes  i n  v e r t i c a l  and h o r i z o n t a l  p lanes .  These 
range from the  r i g i d  body modes to  about 20 times the  low r o t o r  
maximum speed . 
Spring and damping r a t e s  of i n t e rconnec t ing  elements  and suggested 
modal damping f a c t o r s .  
The NASA blade loss addenda are divided into two main tasks. The first 
is the FBD module analytical development and overall project coordination, 
done by V. Gallardo, Principal Investigator. The computer programming and 
embeddment of the FBD module in TETRA were made by G. Black, while L. Bach and 
J. Juenger made the demonstrator model analyses. 
was done by S. Cline and A. Storace. M.J. Stallone provided technical guidance 
as Technical Program Manager and J. McKenzie, the Program Manager, was respon- 
sible for NASA-GE interface communications on this project. 
The E3 structural modeling 
Finally, the assistance of the following NASA-Lewis personnel, King Tang 
and Paul Manos, were especially helpful in the installation and checkout of 
the FBD-TETRA computer program in the NASA CRAY computer. Encouragement of 
Gerald Brown, Project Manager, is appreciated, especially in discussions about 
possible examples of one-diameter bladed disk modes in NASA experience. 
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2.0 INTRODUCTION - FLEXIBLE BLADED DISK 
The r e c e n t l y  completed Turbine Engine Trans i en t  Response Analys is  (TETRA) 
computer program, developed under Task I1 of the  NASA Blade Loss Program 
(Reference l ) ,  f i l l s  a much needed gap i n  t h e  eva lua t ion  of engine s t r u c t u r a l  
response a t  high unbalance.  Being a new program, t h e  scope of i t s  c a p a b i l i t i e s  
needed t o  be explored by applying i t  e x t e n s i v e l y  t o  a complex t u r b i n e  engine.  
I t  was a l s o  d e s i r a b l e  t o  add a f e a t u r e  t h a t  a l lows the a n a l y s i s  of  the  t r a n s i e n t  
r e spo i se  of a f l e x i b l e  bladed d i s k  (FBD) on a r o t o r .  
From past  experience it  is known t h a t  t he  r o t o r  response i s  inf luenced 
by t h e  e l a s t i c i t y  of  a bladed d i s k ,  and t h a t  a bladed-disk mode can be exc i t ed  
by d i f f e r e n c e  speeds i n  two-rotor sys tems wherein one r o t o r  i s  unbalanced. 
Th i s  i s  e s p e c i a l l y  t r u e  for t h e  one-diameter f l e x i b l e  bladed-disk mode. 
S t r e s s e s  developed i n  t h e  d i s k  a t  resonance can be s u f f i c i e n t  t o  resu l t  i n  
f a t i g u e  f a i l u r e .  
The mechanim f o r  e x c i t a t i o n  f o r  a bladed d i s k  i n  one r o t o r  by an 
unbalance i n  the  o t h e r  r o t o r  is not  obvious because the  unbalance fo rce  does 
not a c t  d i r e c t l y  on t he  d i s k .  The unbalance fo rce  a l s o  a c t s  i n  a r a d i a l  
p lane ,  whereas the  bladed-disk mode is e s s e n t i a l l y  an a x i a l  motion. The 
phys ica l  exp lana t ion  i s  i n  the  induced a x i a l  motion of the d i s k  produced 
by t he  bending s lope  of the  r o t o r  on which i t  i s  a t t ached .  Hence, t h e  d i s k  
loading i s  both i n e r z i e l  5r.d gyroscopic  and g r e a t l y  dependent on t h e  f l e x i -  
b i l i t i e s  of both  he r o t o r s  and t h e i r  bear ings .  The unequal r o t a t i o n a l  
speeds of 'he r o t o r s  resu l t  i n  e x c i t a t i o n  frequencies of  the  sum and d i f f e r -  
ence of tne &wo speeds.  
Tl,e f l e x i b l e  bladed-disk mode normally encountered is the  one-diameter 
v a r i e t y  which is a nonequ i l ib r i a t ed  mode; t h a t  i s ,  t h e r e  i s  a r e s u l t a n t  
unbalanced o r  nonequ i l ib r i a t ed  moment and t r a n s v e r s e  shear  on the  d i s k  which 
must  be supportcd by t h e  r o t o r .  Other  f l e x i b l e  t'sk modes of two or more 
d iameters  a r e  a l l  "balanced" so t h a t  they  would no t  be of i n t e r e s t  h e r e ,  
However, they  may be p e r t i n e n t  i n  rotor-bladed-disk aeromechanical-whir l  
problems. 
To take advantage of t he  f l e x i b i l i t y  of  the  TETRA computer program, t h e  
FBD has been t r e a t e d  a s  a incdule t h a t  i s  embedded i n  TETRA. Th i s  approach 
al lows j u s t  the  a d d i t i o n  of the  necessary  FBD i n p u t s  t o  the  b a s i c  r o t o r  model 
t o  be ab le  t o  c a l c u l a t e  the  t r a n s i e n t  response of rhe FBD and the  rest of the  
engine s t r u c t u r e .  
A Lagrangian formulat ion was employed t o  o b t a i n  the  equat ions  governing 
the  FBD module dynamics as  we l l  a s  i t s  i n t e r a c t i o n s  w i t h  t he  r o t o r  on which t h e  
FBD i s  a par t .  The complex i t i t e s  t h a t  a r i s e  from the  r o t a t i o n  and the  one- 
diameter  mode of the FBD with i t s  coupl ing  with the  ro tor ,  are minimized i n  
t h i s  approach, and renders  the formulat ion so much more r a t i o n a l  and s t r o i g h t -  
forward. 
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The following sections give details o f  the mathematical formulation of 
Included are the requisite FBD input/output 
the FBD, its application to a demonstrator model, and the embedded FBD module 
in the TETRA computer program. 
and definitions of variables pertinent to the flexible bladed disk. 
4 
3.0 ANALYTICAL DEVELOPMENT 
3.1 TECHNICAL APPROACH 10 THE FLEXIBLE BLAdED DISK 
The f l e x i b l e  bladed d i s k  (FBD) is cons idered  as an engine subsyster.1 or 
component, much l i k e  the  r o t o r  or cas ing .  Because of the  o r i e n t a t i o p  af  
t h e  d i s k ,  a b lade  d i s k  degree-of-freedom i n  t h e  a x i a l  d i r e c t i o n  is def ined .  
In a d d i t i o n ,  t h e  modes of  t h e  FBD are t r e a t e d  a s  cons t r a ined  modes supported 
d i r e c t l y  on the  r o t o r .  The FBD one-diameter modes are the  c l a s s i c  s t and ing  
wave s o l u t i o n s .  
v e r t i c a l  node l i n e .  Po in t s  on t he  FBD undergo t h e s e  s t and ing  wave i ; i p i ace -  
ments a t  each r o t a t i o n .  
One corresponds t o  a h o r i z o n t a l  node l i n e  and t h e  -’her t o  a 
The mathematical  model of t he  FBD module is  determined u s h g  ihe mod,’ 
s y n t h e s i s  method i n  conjunct ion  wi th  the  Lagrangian or v a r i a t i o n s i  f o m u l n t i o n  
descr ibed  i n  Task 11. B r i e f l y ,  t h e  p o s i t i o n  v e c t o r  of a p o i n t  C’I t he  FBD i s  
e s t a b l i s h e d  from geometry and k inemat ica l  cons ide ra t ions .  The w t o r  bending 
s lope  as w e l l  as i t s  t r a n s l a t i o n  induce a x i a l  and r a d i a l  motiorts of the disk. 
No e x t e r n a l  l o rce  a s  such is  developed; however gyroscopic  anc! t r a n s l a t i o n a l  
a s  well a s  a x i a l  a c c e l e r a t i o n s  are developed which produce ic i ternal  o r  cou- 
p l i n g  fo rces  and moments on the  d i s k ,  which a r e  of the  f i r s t  o r d e r .  The FBD 
p o t e n t i a l  energy i s  g iven  a s  the sum of i t s  modal e n e r g i e s  with t h i s  addi t ion :  
t he  c e n t r i f u g a l  s t i f f e n i n g  is  added t o  t h e  modal e n e r g i e s  as f u n c t i m  o f  r o t o r  
speed (which permi ts  c o n s i d e r a t i o n  of the  e f f e c t  o f  r o t o r  speed on t h e  FBD 
system f r equenc ie s ) .  
Considerat  ion of the FBD modes a s  cons t r a ined  modes y i e l d s  coupl ing  
c o e f f i c i e n t s  (between gene ra l i zed  coord ina te s )  having a c c e l e r a t i o n  terms. 
This  means t h a t  un l ike  the  c u r r e n t  TETRA system where the  g loba l  mass ma t r ix  
i s  d iagonal ,  t h e  use of  cons t r a ined  modes resu l t s  i n  a nondiagonal mass 
mat r ix ,  a t  l e a s t  for t h e  gene ra l i zed  coord ina te s  t h a t  are coupled. This  
i s  r o t  a d i f f i c u l t y  s i n c e  t h i s  r e q u i r e s  on ly  a one-time inve r s ion  of the  
mass mat r ix  of the a f f e c t e d  gene ra l i zed  coord ina te s  and subsequent ly  using i t  
t o  m u l t i p l y  the  rest of  t h e  coupl ing  c o e f f i c i e n t  ma t r i ces  once.  
a set of equat ions  whose form i s  similar t o  t h a t  i n  t h e  c u r r e n t  TETRA, 
The r e s u l t  is 
The s o l u t i o n  scheme is  i d e n t i c a l  t o  the  p re sen t  ve r s ion .  Of cov.rse, 
a d d i t i o n a l  i npu t s  as w e l l  a s  ou tpu t s  a r e  requi red  with the  FBD. 
A major po r t ion  of t h e  a d d i t i o n a l  i npu t s  are the  FBD modal d a t a .  These 
must be provided from a source  e x t e r n a l  t o  t h i s  c o n t r a c t .  In t h e  FBD module, 
t he  requi red  modal d a t a  are en te red  by hand i n t o  an  input  f i ; ,  f o r  t h e  compu- 
ter  program. Addi t iona l  ou tpu t s  include t r a n s i e n t  FBD d e f l e c t  ions  and s e l e c t e d  
components of FBD s t r e s s e s .  
Because of the  s t r u c t u r a l  complexity of  a r o t o r  with a f l e x i b l e  bladed 
d i s k ,  the  means fo r  checking the  mathematical  modeling could be awesome. 
Rather  than  s o l e l y  depending on t h e  i n t e r p r e t a t i o a  of numerical  ou tput  of  th2  
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t r a n s i e n t  s o l u t i o n ,  which i s  d i f f i c u l t  In  i t s e l f ,  some b a s i s  i n  t h e  c o r r e c t -  
ness  o f  the  formula t ion  i s  e s t a b l i s h e d  by c m s i d e r i n g  r educ t ions  t o  degenera te  
cases  with known s o l u t i o n s .  This  was done with the  decoupled equa t ions  of the  
FBD and those of i t s  c e n t e r  of g r a v i t y .  The equa t ions  of  t h e  FBD a l m s  (with- 
out  r i g i d  p r o p e r t i e s )  as we l l  a s  those of i t s  c e n t e r  of g r a v i t y  ( r i g i d  propcr- 
t i e s  on ly  and corresponds to  the  r o t o r )  were examined and t h e i r  c h a r a c t e r i s t i c  
or freqLency equat ions  solved i n  c losed  form. The e a r l i z  s o l u t i o n s  of the  
c r o s s  a x i s  coupled r o t o r ,  and the  backward and forward t r a v e l i n g  wave E O L U -  
t i o n s  of the  FBD were obta ined;  from t h i s ,  one can  i n f e r  t h a t  the  bas i c  
formula t ion  of the  FBD module is  r e a l i s t i c  and l o g i c a l .  In a d d i t i o n  t o  t h i s  
the  FBD-TETRA i s  app l i ed  t o  a demonstrator  mr'.el, bo th  t o  demonstrate  i t s  
p r a c t i c a l i t y  and i l l u s t r a t e  i t s  usage. 
3 . 2  A N  OVERVIEW OF THE FBD AND THE ENTIRE ENGINE STRUCTURE -- - -- 
The e s s e n t i a l  d i f f e r e n c e s  betveen the  o r ig in61  TETRA and the  p re sen t  
ve r s ion  with the  FBD module a s  well 8s the  way t h e  FBD f i t s  i n  t h e  genera l  
scheme may be viewed from the  complete system of equa t ions  of the  ent i re  
engine s t r u c t u r e .  Using the  v a r i a t i o n a l  or Lagrangian formula t ion ,  t h e  
complete set  of equa t ions  may be w r i t t e n  formal ly  as: 
where: M i j  = Mass Matrix:  Symmetric but can be f u l l  
K i j  = General ized S t i f f n e s s  Matr ix  which can  con ta in  the  e l a s t i c  
coupl ing  between subsystems or  modes 
C i j  = General ized Damping or Veloc i ty  Matr ix  which con ta ins  damping, 
gyroscopic: m d  o t h e r  v e l o c i t y  c o e f f i c i e n t s  
F i  ieh Gener ized  Excernal  Force 
= 1, 2 ,  3 ,  ....... N 
r i  = ith General ized Caordina te .  
In  the  o r i g i n a l  TETRA, t h e  mass matr ix  i s  d iagonal  so t h a t  each equat ion  
can be solved d i r e c t l y  f o r  t he  gene ra l i zed  a c c e l e r a t i o n  i n  t?ms of d i s p l a c e -  
ments,  v e l o c i t i e s  and e x t e r n a l  fo rces .  However with the  FBD cons t r a ined  t o  a 
r o t o r ,  t he  gene ra l i zed  a c c e l e r a t i o n s  of the  r o t o r  ( i n  two p lanes )  and t h e  
FBD become coupled,  such t h a t  t h e  mass matr ix  is no longkr d iagonal .  Fo r tu -  
n a t e l y ,  on ly  t h o  mass mat r ix  of the  FBD and i t s  r o t o r  is not d i agona l ,  so t h a t  
t he  a f f e c t e d  equa t ions  of motion may be sepa ra t ed  fl-om those components whose 
mass mat r ix  ,e d iagona l .  With t h i s  Cons idera t ion ,  equa t ion  4.0 may h e  
r e w r i t t e n  7s two sets: (1) equa t ions  with d iagonal  mass ma t r ix  and ( 2 )  equa- 
t i o n s  o f  t he  FBD-with-the r o t o r .  Thus: 
Diagonal Mass Matrix = i = 1, 2 ... M - 
.. 
M - . Y .  = - ~ i j ~ :  - c . . i .  + ~ i :  i , j  - 1 , 2 ,  . . . .  N-M 
12 3 13 3 ( 2 )  
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Non-Diagonal Mass Matrix: i H+?, M+2, . . . N 
.. .N 
With t h i s  dev ice ,  Equation ( 2 )  is found t o  be i d e n t i c a l  i n  form t o  t h e  
equat ions  i n  the  o l d  TETRA. 
inver ted  so chat  by mul t ip ly ing  Equat ion (3)  with i t s  inve r se ,  t h e  r e s u l t i n g  
mat r ix  equat ion  i s  alsc i d e n t i c a l  i n  form t o  Equation ( 2 ) .  
t h e  same c e n t r a l  d i f f e r e n c e  i n t e g r a t i o n  rou t ine  employed i n  the  o r i g i n a l  
TETRA can be used. 
Now t h e  Mass Matrix of  Equat ion ( 3 )  may be 
Consequently, 
Frm the  foregoing d i scuss ioo ,  i t  is  seen  t h a t  t o  o b t a i n  the  gov- 
e rn ing  equat ions  of t he  FBD module, t h e  FBD must  be  considered t o  undergo both 
t h e  displacements  due t o  i t s  one-diameter degrees  of freedom and t h e  motion of 
i ts  c e n t e r  of g r a v i t y  or attachment po in t  on t h e  rotor. The r e s u l t s  add two 
equat ions  for t h e  two FBD coord ina te s ,  and produce off-diagonal  terms i n  the  
mass ma t r ix  and a d d i t i o n a l  cross-coupling terms i n  t h e  gyroscapic  matrix. 
3.3 KINEMATIC REPRESENTATION 
In orde r  t o  formulate  the  FBD's equat ions  o f  motion with the method of 
Lagrange, we proceed as i n  Reference 1, by d e f i n i n g  t h e  cmponen t s  o f  t he  
p o s i t i o n  vec to r  of a po in t  on the  bladed d i s k .  But f i r s t  we l ist  the  follow- 
ing a l lowable  displacements  of a poin t  on t b e  FBD 
1. 
2. 
3 .  
The 
Y (Hor izonta l )  and 2 ( V e r t i c a l )  displacements  and r o t a t i o n s  o f  the 
FBD c e n t e r  of g r a v i t y  where i t  is a t tached  to t h e  rotor. These 
are displacements  of t he  r o t o r  r e l a t i v e  to ground (F igu re  1 ) .  
Axial  (v) and t a n g e n t i a l  ( u )  displacements  o f  a po in t  on t h e  FRD. 
These a r e  rotating with  the  s h a f t .  
these  displacements as i r  r o t a t e s  about t h e  r o t o r  axis (F igure  1). 
A po in t  on t h e  TBD undergoes 
These two sets  o f  FBD a x i a l  and tangential displacements  a r e  then  
w r i t t e n  a s  the sum of  two s tanding  waves (P and q): 
t o  a ho r i zon ta l  diameter node l i n e  (PI; t he  o the r  corresponds t o  a 
v e r t i c a l  diameter node l i n e  (q). Both a r e  i l l u s t r a t e d  ' in  F igure  3. 
one corresponds 
FBD a x i a l  and t a n g e n t i a l  s t and ing  wave displacement  sets r ep resen t  
motion about both the  h o r i z o n t a l  and v e r t i c a l  axes  and t h e r e f o r e  can- recon- 
s t r u c t  t r a v e l i n g  wave motions i n  the  d i r e c t i o n  of and oppos i t e  t o  t h e  sezse of  
r o t o r  sp in .  
From Figures  1 t o  3, t h e  components cf the  t o t a l  displacement v e c t o r  of  
a po in t  on the  FBD, r e l a t i v e  t o  ground can be writ ten.  These are: 
Hor i zont  a1 Displacement Component 
7 = R Y cos  a + R, s i n  (I + y ( 4  1 
7 
/- 
+ G, R, I, 
A y = - u sin i jJ 
A z = u cos 11 
A x =  v 
R = r cos J, + Ay 
I? = r s i n  i j J  + nz 
R x = A x  
Y 
z 
Figure 1. Axial and Tangential Displacement of a Point 




+ 2 ,  + a  
R sin a sin 0 
R C O S  a C O S  0 
S 
+ y ,  + e  
Figure 2. P o s i t i o n  Vector Components of t h e  F8D from Rotor  Displacements 
and  Rot a t  i o n s .  
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F i g u r e  3 .  S t a n d i n g  Wave Representat ion of .'BD 1-Diameter Mode. 
10 
Vertical Displacement Component 
- 
z = R sin a sin 9 + R, cos 8 - R, cos a sin e + z Y 
Axial Displacement Component 
- x = -Ry sin a COS e + R, sin 8 + R, COS a COS B 
w i  h the following definition: 
Ry = r cos IJ, - u sin I, 
R, = r sin Ir + u cos I, 
R, = v 
a nc! 
J, li (Qt + 0 )  
,*her e : 
r = Radial location of a point on the FBD 
Ir = Azimuth or polar angle of the point on the FBD 
CJ = The polar angle position of the point relative 
to ”,.? FBD reference diameter 
0 = Rotor-FBD spin about the rotor axis ,  x 
p(t) = Generalized coordinate of the sine or horizontal, 
nodal diameter mode 
q ( t )  = Generalized coordinate of the cosine or vertical nodal 
dimnet-sr mode 
y , z  = P 8.-izontal and vertical bending displacements of the 
totor at the FBD attachment point o r  center of gravity 
fl ,d = Horizontal and vertical plane(s) slopes of the rotor bending 
displacements at the FBD center of gravity 
C<r) = FBD m i a l  1-3 modal deflection shape 
3(r) = FBD tangential 1-D modal deflection shape. 
(6)  
t : L ’  ly, the displacement vector components can be rewritten (for 
breviLy, the FBD u(r,J, t) and v(r,$,t) displacements are retained). Thus 
(13)  
- y = r cos a cos J, - u cos  a s i n  J, + v s i n  a + y 
'z = r s i n  0 s i n  a cos J, - u s i n  a s i n  e s i n  J, (14)  
+ r cos 0 s i n  J, + u cos 0 cos  J, - v cos  a s i n  8 + z 
(15)  
- 
x = -r s i n  a cos 0 cos  J, + u s i n  a cos  0 s i n  J, 
+ r s i n  0 s i n  J, + u s i n  0 cos  J, + v Cob 0 COS Q 
NOTE : The c e n t r i f u g a l  s t i f f e n i n g  a s s o c i a t e d  wi th  s p i n  can  be  considered i n  
the p o t e n t i a l  energy o f  t h e  FBD. However, i t  can  be t r e a t e d  as p a r t  
of the k i n e t i c  energy by adding the  r a d i a l  b lade  foreshor ten ing  t o  
t h e  radius of the point on t h e  blade.  Th i s  resul ts  i n  repl.acing 
r i n  Eqs. 1 and 3 with: 
The c l a s s i c  Lagrangian ope ra to r  must also be rep laced  i f  w e  use 
i jhysical  displacements  t o  account f o r  t h e  presence of (du/dr )*  and 
i ts  t i m e  d e r i v a t i v e s  i n  t h e  k i n e t i c  energy express ion .  Note t h a t  i n  
the  end, on ly  l i n e a r  terms i n  t h e  equa t ions  of motion w i l l  be 
r e t a i n e d ,  so t h a t  s i m p l i f i c a t i o n s  can  be made. For s i m p l i c i t y  and 
b r e v i t y ,  t h e  c e n t r i f u g a l  s t i f f e n i n g  would b e s t  be considered i n  t h e  
p e n t  ial energy. 
3 . 4  DYNAMICAL EQUATIONS OF THE FBD MODULE 
The FBD with the motion of the  r o t o r  a t  i t s  at tachment ,  is one subsystem 
wi th  the  r o t o r .  This means t h a t  t h e  equa t ions  of t he  FBD can be added t o  
or over l a id  on the  r o t o r  equat ions .  
coord ina te s ,  t he  FBD-rctor equat ions  w i l l  be  two more than  the  number c f  the  
o r i g i n a l  r o t o r  equat ions .  The e x t e r n a l  e x c i t a t i o n s  are the  same as i n  the  
o r i g i n a l  TETRA, such a s  unbalance i n  t h e  r o t o r ,  t i m e  dependent f o r c e s  and t h e  
i n t e r a c t i o n  f o r c e s  introduced through the  r o t o r ' s  connec t ing  elements  with 
o t h e r  bubsystems. ThoLgh not t r u e  "ex te rna l  forces"  i n  t h e  sense  of the  t o t a l  
engine s t r u c t u r e ,  t h e s e  connect ing f o r c e s  can be considered as e x t e r n a l  t o  any 
subsydtem. 
Because of t h e  FBD one-diameter mode 
This  convent ion is  adapted i n  developing the  FBD module's equa t ions ,  and 
it  serves  t o  keep t h e  FBD i n  the  proper  con tex t  of the  complete s t r u c t u r e .  
The equat ions  of  the  FBC c o n t a i n  e s s e n t i a l l y  i n e r t i a l  f o r c e s ,  i t s  s t i f f -  
ness  or r e s t o r i n g  fo rces  r e l a t i v e  to  the  r o t o r  and i t s  modal damping. These 
are der ived  by Lagrangian dynamics from the  ins tan taneous  p o s i t i o n  or dis -  
placement vec to r  of a po in t  on the  FBD. The va r ious  r o t a t i o n s  and d isp lace-  
ments fol low e s s e n t i a l l y  Reference 1 and are shown g r a p h i c a l l y  i n  F igures  1, 
2 ,  and  3 .  
The s t i f f n e s s  and damping f o r c e s  are  s t r a igh t fo rward  and t h e  p o t e n t i a l  
energy and modal d i s s i p a t i o n  f u n c t i o n  can be simply w r i t t e n  i n  shorthand: 
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U = 112 w f i j ,  M i j  Y i Y j  (17)  
. .  
D = 112 C i j  Y i  Y j  (18) 
i , j :  t akes  on i n d i c e s  denot ing  t h e  FBD and r o t o r  gene ra l i zed  coord ina te s .  
w i j  = FBD one-diameter n a t u r a l  frequency with c e n t r i f u g a l  s t i f f e n i n g ;  
the r o t o r  f requencies  are excluded h e r e  s i n c e  they  a r e  a l r eady  i n  
the  o r i g i n a l  TETRA. 
w i t h :  M i ,  = FBD one-diameter modal mass (without  gyroscopic  e f f e c t s ) ;  M i j  = 
diagonal .  
t he  o r i g i n a l  TETRA. 
Rotor MASS mat r ix  is excluded h e r e  s i n c e  these  are i n  
C i j  = FBD modal damping, d iagonal ;  r o t o r  modal damping are excluded 
he re  a l s o .  
U = FBD one-diameter mode e l a s t i c  energy 
D = FBD one-diameter mode d i s s i p a t i o n  func t ion  
The k i n e t i c  energy i s  w r i t t e n  i n  terms of t h e  t o t a l  v e l o c i t y  components 
r e l a t i v e  t o  ground. 
Since the  c e n t r i f u g a l  s t i f f e n i n g  on t h e  FBD one-diameter mode has  been 
I n  Reference 1 and 3, i t  is shown t h a t  when t h e  
included i n  t h e  p o t e n t i a l  energy,  t h e  Lagrangian ope ra t ion  on t h e  k i n e t i c  
energy can be s i m p l i f i e d .  
func t iona l  i s  dependent on ly  on v e l o c i t i e s  and d isp lacements ,  t h e  Lagrangian 
equat ion  becomes: 
Since the FBD-rotor coupl ing involves  only  t h e  k i n e t i c  energy,  t h e  k i n e t i c  
terms are f i r s t  der ived  and  examined. 
t he  s t i f f n e s s  and damping terms. 
F i n a l l y ,  t h e s e  w i l l  be combined with 
F i r s t ,  the  governing FBD equa t ions  w i l l  be obta ined  i n  t h e  phys ica l  r o t o r  
coord ina tes  and t h e  FBD a x i a l  and t a n g e n t i a l  coo rd ina te s .  This  w i l l  g ive some 
phys ica l  i n s i g h t  on t he  FBD-rotor coupled system and a l s o  provide a b a s i s  w i t h  
which comparisons can be made with analogous dynamic problems such a s  p r o p e l l e r  
wh i r l .  Such comparison w i l l  h e l p  a s s u r e  t h a t  t h e  r e s u l t i n g  FBD equa t ions  have 
a c o r r e c t  phys ica l  and mathematical b a s i s .  
13 
F i n a l l y ,  these equa t ions  w i l l  be transformed t o  gene ra l i zed  c o o r d i n a t e s ,  
which become the working e q u a t i o n s  for t h e  computer coding of  t h e  FBD and i t s  
embeddement i n  TETRA. 
3.4.1 The Kine t i c  Terms of  t h e  FBD-Rotor Equat ions -
The Lagrangian o p e r a t i o n  on t h e  k i n e t i c  energy i s  eva lua ted  he re  b u t  the  
results a r e  given i n  the  con tex t  of t h e  complete equat ion.  Rewrite Eq. 7, E S :  
Obtain t h e  terms w i t h i n  t h e  brackets, t h u s ,  
.. .. .. 
S u b s t i t u t i n g  t h e  p o s i t i o n  v e c t o r  components, (131, ( 1 4 ) ,  and ( 1 5 ) ,  i n t o  
( 2 2 )  and performing the  i n d i c a t e d  o p e r a t i o n s  y i e l d  t h e  g e n e r a l i z e d  k i n e t i c  
f o r c e  i n  the FBD c o o r d i n a t e s .  
replaced with: Y , z , B , a ,  u and v .  The results a r e  g iven  below. 
Ilere in s t ead  of using t h e  index n o t a t i o n ,  V i  is 
Horizontal  T r a n s l a t i o n  - - Rotor Bendin3 
dQy = 
dm j :  - h s i n  J, - iu Q cos JI + s i n  JI -9. cos JI 
V e r t i c a l  T r a n s l a t i o n  - Rotor Bending 
9 = 
dm 
-+-c cos J, - 2 Q s i n  9 - u ~2 cos 9, - n2 r s i n  J, 
Horizontal  Ro ta t ion  - Rotor Bending 
d* = 
dm 
2 r2 cos2 JI - 2; n r2 s i n  J, cos .. - e r2 s i n  JI cos J, - 28 n r2 cos2 J, 
- v r cos .. - v n2 r cos JI 
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V e r t i c a l  Ro ta t ion  - Rotor Bending 
d* 
dm 
i; r 2  s i n  * cos  
+ 5 r2 s i n 2  * + 2; c. r2 s i n  JI cos  J, 
+ 2; n r2 s i n 2  + 
+ i r s i n  J, + v ~2 r s i n  JI 
FBD Tangent ia l  Blade Bend& 
-j; s i n  + E cos  JI + ii 
FBD Axial  3 lade  and Disk Bending 
.. -, r cos  ~i + 2 i r fi s i n  * 
+e r s i n  + 2 
d?V 
- P  
dm .. n r cos  6 + 5 
(26 1 
( 2 7 )  
(28)  
Examining these  equa t ions ,  one can conclude t h a t  t he  r o t o r  coord ina te s '  
equa t ions  are the  same as  those i n  Reference 1 ( t h e r e  is  a minor change i n  
no ta t ion )  except  for the  a d d i t i o n  of  t h e  FED'S degrees  o f  freedom of  
t a n g e n t i a l  and a x i a l  displacement .  I t  can be observed t h a t  t h e  mass matr ix  
o r  a c c e l e r a t i o n  c o e f f i c i e n t  ma t r ix  is no longer diagonal ;  t h i s  shows the  
i n e r t i a l  coupl ing between t h e  FED and the  r o t o r .  
When ob ta in ing  t h e  complete equa t ions ,  i t  should be noted t h a t  i n t eg ra -  
t i o n  of the  r o t o r  coord ina te s  equa t ions ,  [ ( 2 3 )  through (26)1,  must be made 
over t he  entire r o t o r  i nc lud ing  the  FBD; whereas i n t e g r a t i o n  over  t h e  FBD 
roo rd ina te s '  equa t ions ,  (25) and ( 2 8 ) ,  i s  made over  t h e  FBD mass, wi th  t h e  
r o t o r  displacements ,  v e l o c i t i e s  and a c c e l e r a t i o n  t ak ing  va lues  only a t  the  
at tachment  t o  t h e  FBD c e n t e r  of g r a v i t y .  
It  i s  i n t e r e s t i n g  t o  compare these  equa t ions  w i t h  those  fo r  nace l l e -  
p r o p e l l e r  wh i r l  f l u t t e r  wi th  r i g i d  f l app ing  b l ades ,  (Reference 3 ) .  The 
i n e r t i a l  and gyroscopic terms a r e  i d e n t i c a l  when the  t a n g e n t i a l  degree of 
freedom of the FBD i s  ignored. 
3 .4 .2  C o T l e t e  - FBD -- Module Equat ions i n  General ized Coordinates  
The complete equat ions  of the  FBD-rotor are obtained from (23)  through 
( 2 8 )  i n  view of ( 2 1 )  with the  fo l lowing  modal coord ina te  d e f i n i t i o n s  and 
t ranformat ions  from phys ica l  t o  gene ra l i zed  coord ina te s .  
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u ( r , $ , t )  = G ( r ) { p ( t ) s i n #  + q( t ) cosJ I ) ,  FBD Blade Tan. Def l .  
v ( r , % , t )  = v ( r ) { p ( t ) s i n $  + q( t ) cos r l ) ,  FBD Axia l  Defl .  
Note t h a t  p ( t )  and q ( t )  are t h e  FBD one-diameter s t and ing  wave s o l u t i o n s .  
The t rans€ormat ion  equat ions  are: 
do 
Qyi = Q y A  + Qa- = OYi Qy + +IYi Qa 
d~ i d~ i 
Qq - Qu dq u + Qv dq v = ;(r)Qu cos  JI + i ( r )  Qv s i n  rl 
Recal l ing  t h a t  the  p o t e n t i a l  e n e r g i e s  and d i s s i p a t i o n  func t ions  were 
given i n  terms of modal v a r i a b l e s  and no t ing  the  domain of i n t e g r a t i o n  
descr ibed  i n  the  p r e v i o m  s e c t i o n ,  t h e  complete FBD-rotor equat ions  may be 
w r i t t e n  with the  a id  of  (29) through (33) and (23) through (28): 
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These a re  g iven  below: 
where: 
- = @zi$z.M 4 $ i i + i j I ,  +zi = oYi @ FBD C.G.  
= Rigid  mass and Diametr ic  Moment of Ine r t i a  of FBD 
M 2 ; j  - % i j  3 
M,I 
Ip c Rig id  po la r  moment of I n e r t i a  of FBD 
A l l  Blades sin2J’ 1 Blade 
( 3 5 )  
s i n 2 0  
NBLD = Number of b lades .  N.B. Since Mu c o n t a i n s  t a n g e n t i a l  motion, t h e  
d i s k  c o n t r i b u t i o n  is zero .  
dm; Modal MASS of  FBD, 
Fixed Axes 
- 
MPP = Mqq - MPq = MqP 
FBD (38) 
- + (Sp- l )n2>,  FED Modal S t i f f n e s s  i n  Lhe Non- KPP - Kqq = MPP ‘wPP 
r o t a t i n g  Axis System, 
wyp = wff = wo, FBD Natura l  Frequency a t  Zero Speed 
B p  = Speed C o e f f i c i e n t  i n  the Ro ta t ing  FBD Natura l  Frequency Equation. 
= Exte rna l  or Connecting Forces  from o t h e r  Subsystems t o  t h e  Rotor  
Containing t h e  FBD. F~ i 
wr = FBD Rotating Natural Frequency 
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V e r t i c a l  P l a n e  - Rotor Bending General ized Coordinates  - 
Horizonta l  Plane - Rotor Bendin5 General ized _-__ Coordinates  
--------I__- -- --__-- --- 
- M  w2 Y - C  
y i j  (ij) j y i j  j + F  Y i  
FBD - Sine  Component : !-Diameter Mode Horiz .  Node Line) 
FBD-Cosine Component: 1-Diameter Mode ( V e r t i c a l  Node Line) 
N . B .  t h e  a c c e l e r a t i o n  terms underl ined wi th  (-1 are the  d iagonal  mags 
mat r ix  e lements  and denote  the  e q u a t i o n ' s  p r i n c i p a l  coord ina te s  i , j :  
4 ,  . . . .  r o t o r  gene ra l i zed  modal coord ina te  index and p ,  q a s  the  FBD Standing 
Wave Coordinates  . 
1 ,2 ,3 ,  
3 . 5  *,'IO DEGENERATE CASES 
Because of the  complexity of a r o t o r  with an FBD and the  pauc i ty  o €  
results of  a t r a n s i e n t  FBD-rotor a n a l y s i s ,  i t  bccomes nscessary  to  show 
t h e  l o g i c  of the  formula t ion  and the  r e s u l t i n g  FBD equc t ions  have a f i rm  
t h e o r e t i c a l  b a s i s .  Therefore ,  two s p e c i a l  degenera te  cases have been 
~ ~ l l o s t ~ l ~ :  
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1. Two de3rees-of-freedom (Hor izonta l  and V e r t i c a l  p lanes)  r o t o r  
with a r i g i d  FBD. 
2 .  One-DLamc t e r  ( V e r t i c a l  and Hor izonta l  P lanes)  f l e x i b l e  mode 
FBD w i k o u t  r o t o r  degrees  of freedom. 
Rather than  ob ta in ing  the  t r a n s i e n t  s o l u t i o n s  for t h e s e  c a s e s ,  t h e i r  
c h a r a c t e r i s t i c  equat ions  w i l l  be solved i n  c losed  form t o  o b t a i n  t h e i r  
n a t u r a l  f requencies .  Each c a s e  i s  j u s t  a subsystem independent of tt.- 
o t h e r .  The r a t i o n a l e  of t h i s  approach is t h a t  i f  t he  subsystem equa t ions ,  
which a r e  obtained from the  whole, y i e l d  the  c l a s s i c  s o l u t i o n s ,  t hen  t h e r u  
i s  confidence t h a t  the complete equat ions  f o r  the  t o t a l  s t r u c t u r e  are c o r r c  t .  
3 . 5 . 1  Two Degrees-of-Freedom Rotor with a Rig id  FBD 
These are obtained from (40) and (41)  by ignor ing  t h e  terms c o w  s 
p and q and t h e i r  d e r i v a t i v e s .  The r e s u l t i n g  equat'ons are the  c l a s s i c  
syatinetric r o t o r  equat ions  with cross-coupled gyroscopic  terms whose two 
f requencies  correspond t o  an advancing and a r e g r e s s i v e  whirl mode and which 
d ive rge  from a common value ( a t  ze ro  r o t o r  speed)  wi th  inc reas ing  speed. 
A p l o t  o f  t hese  f r equenc ie s  as func t ions  o f  r o t o r  speed has  been publ ished 
i n  s tandard  works ( fo r  example - Reference 4 ) .  
3.5.2 One-Diameter F l e x i b l e  Blade Disk : Cross-Axis Coupled 
S i m i l a r i l y ,  ignor ing  the  terms conta in ing  Z i  and Yj and t h e i r  d e r i v d t i v e s  
from equat ions  (42)  and (43)  y i e l d s  the governing equat ion  of a f l e x i b l e  
bladed d i s k  or a plate  f ixed  a t  i t s  c e n t e r .  These are the  "s tanding wave" 
equat ions  of  t he  f l e x i b l e  b lade  d i s k .  The Form i s  s i m i l a r  t o  the degenera te  
ro tor  case i n  Sec t ion  3.5.1.  However, t h e  two  f requencies  of the FBD cor- 
respond t o  two t r av , ' i ng  waves: forward ( i n  the d i r e c t i o n  O F  ro t a t ion )  and 
backward. The f r equenc ie s  can be w r i t t e n  i n  terms of  r o t o r  speed  a s :  
W F = j- + L! , Forward 
wB -4- - Q , Backward 
(44)  
(45)  
The term under t h e  r a d i c a l  is the  c l a s s i c  r q t a t i n g  n a t u r a l  frequency 
while  the term denotes  t h a t  the s o l u t i o n s  correspond t o  waves whose propoga- 
t i o n  speed is the  same speed a& t h e  r o t o r .  These s o l u t i o n s  a r e  t h e  c l a s s i c  
Rtaiiding wavf' (on  the  r o t a t i n g  FBD, but fixed t o  ground) RoIutionR o €  n 
r o t a t i n g  f l e x i b l e  bladed d i s k .  
3.6 THEORETICAL CONSIDERATIONS I N  THE EMBEDMENT OF THE FBD MODULE I N  TETRA 
An overview of the FBD module and i t s  r e l a t i o n  i o  t h e  e n t i r e  engine 
s t r u c t u r e  was given i n  Sec t ion  2 . 2  i n  terms of the  complete system's  equat ions  
of motion. To implement t h i s  scheme i n  an e x i s t i n g  computer program (namely 
TETRA) both the TETRA main computer code and the FBD module m u s t  be t a i l o r e d  
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t o  acr.ommodate one ano the r .  That is, b u f f e r s  musi -.oded t o  sake t h e  two 
compatible.  A t  the  same time, t h e  b a s i c  TETRA must  .e a b l e  t o  ope ra t e  as 
before  when t h e r e  is  no FBD. 
Hecause ttw FBl) in t roduces  a nondiagonal maas matr ix  of t he  r o t o r  coordi-  
n a t e  o €  which i t  i s  a p a r t ,  g loba l  . J a t r i ce s  far t h e s e  a f f e c t e d  coord ina tes  
must  be formed, whereas the re  i s  no need f o r  them i n  the  o r i g i n a l  1iTR.A. 
However, by l i m i t i n g  t h e s e  g l o b a l  n ta t r ices  on ly  t o  tile FBD and its r o t o r ,  t h i s  
complicat ion i s  reduced. The inve r se  of t he  nondiagonal matrix is  subee- 
quen t ly  used t o  render  t h e  a f f e c t e d  equ i l ib r ium equa t ions  t o  t h e  same form as 
i n  the  o r i g i n a l  TETRA or  the  rest of  t h e  unaf fec ted  s*ibsystems (withoLt the  
FBD). 
I n  add i t io .  t h e  r i g i d  FBD p r o p e r t i e s  can a l s o  be considereci as  a p a r t  of 
t h e  r o t o r  90 t h a t  the  r o t o r ' s  nonro ta t ing  modes (or r o t a t i n g  modes) inc lude  
t h e  FBD's i n e r t i a .  
" r i g h t  s ide"  of the  equ i l ib r ium equa t ions ,  as i n  t h e  o r i g i n a l  TETRA. One 
benefi:  froui t h i s  i s  the  e i f e c t i v e  i p c r e a s e  i n  t h e  s o l u t i o n  t ime- in te rva l  
s t ep ,  s i n c e  the  FBD r i g i d  i n e r t i a  p r o p e r t i e s  would lower t h e  r o t o r  modal 
f r equenc ie s .  The FBD r e q u i r e s  inpu t s  d e s c r i b i n g  i t s  modal c h a r a c t e r i s t i c s ,  
e . g . ,  modal d i sp lacements ,  modal p o t e n t i a l  energy and modal s t r e s s  components. 
These are t o  be provided from a source  e x t e r n a l  t o  t h i s  p r o j e c t .  
some cons ide ra t ions  must be noted he re .  The FBD one-diameter mode is essen-  
t i a l l y  an  a x i a l  d e f l e c t i o n  of the  b lades  a,id d i s k .  
p a r a l l e l  t o  t he  r o t o r  a x i s  or FBD axis  of syr.netr:. predominates any t a n g e n t i a l  
( i n  the  p lane  of the  FBD) motion. T h i s  means t h a t  the  "BETA" f a c t o r  or specd 
c o e f f i c i e n t  i n  the  FBD r o t a t i n g  n a t u r a l  frequency expres s ion  m u s t  be a t  leaat 
equal  t o  (or g r e a t e r  t han )  u n i t y .  
The c ross -ax is  coupl ing  can  t h e r e f o r e  be included i n  t h e  
However, 
In o t h e r  words, d e f l e c t i o n s  
To c a l c u l a t e  t he  FBD inpu t  v a r i a b l e s ,  i n t e g r a t i o n  is  performed over t h e  
d i s k  volume as well as over  each b l ade .  S ince  t h e  b lades  are d i s c r e t e  and 
f i n i t e  i n  number, t he  i n t e g r a t i o n  over  t h e  circumference is transformed t o  a 
f i n i t e  sum over  t h e  nun -t of b l ades .  
s p e c i f y i n g  a r e fe rence  b lade  or p o l a r  Angle l o c a t i o n  on t h e  FBD as well as 
the  r e l a t i v e  p o s i t i o n  (wi th  r e s p e c t  t o  t h e  angular  r e fe rence )  of a biade  or a 
po in t  on the  d i s k  where d e f l e c t i o n s  or s t r e s s e s  a r e  d e s i r e d ,  because the  
s t r e s s e s  on each b lade  w i l l  not  n e c e s s a r i l y  be t h e  same at  the  -ame r a d i a l  
l o c a t  ion  and the  same time. 
The t r a n s i e n t  s t l - t i o n  a l s o  r e q u i r e s  
To c a l c u l a t e  t he  t r a n s i e n t  stresses at  des igna ted  poinzs  on t h e  FBD, t h e  
a p p r o p r i a t e  one-diameter modal stress components mus t  be input  s i n c e  stresaes 
a r e  ca l cu la t ed  r e l a t i v e  t o  the  d i s k  c e n t e r  of g r a v i t y .  
t r a n s i e n t  d e f l e c t i o n s  a r e  c a l c u l a t e d  a t  des igna ted  p o i n t s  where t h e  l o c a t i o n  
and one-diameter modal d e f l e c t j n n s  are also provided. 
S i m i l a r l y ,  the FBD 
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3.7 FBD TRANSIENT DLSPLACEEIENTS AND STRESSES 
The FED displacements are the sums of the rotor deflections at the FBD 
attachment, the contribution of rotor rotation, and the FBD one-diameter 
(horizontal and vertical diametral Modes) m d e s  relative to its center of 
gravity . 
However, the FBD deflections of interest are those which correspond to 
the one-diameter modes relative to the center of gravity. Recall t 3t rotor 
deflections are already calculated at selected points and that the 
displacement of a point on the FBD due to spin overwhelms all the other 
displacement components. The FBD one-diameter displacement relative to its 
center of gravity are calculated from equations (10) and (11) with the polar 
angle definition of (12). 
Jtational 
The FBD stresses are calculated in a similar fashion. The modal stress 
components 0 7  the blades and disk must be provided at selected points. 




The stress components can be: (1) resultant bending; (2)  radial; 
( 3 )  tangential bending; ( 4 )  shear; ( 5 )  principal, or effective-stresses. 
These depend on what the user desires to calculate. These stress components 
are calculated as follows: 
- 
= Transient FBD stress-output. %D 
= Modal stress component input; the same for either SFBD vertical or horizontal diameter mode 
with 
I, = at + 0 ,  Instantaneous Polar Angle Relative to CIroiind 
u = Polar Location of FBD Point Relative to a Reference Diameter. 
R = Rotor Spin Speed. 
2i 
4 .o APPLICATION OF FBD-TETRA TO A DEMONSTRATOR MODEL 
Appl ica t ions  are made t o  demonstrate  t h e  u s e  o f  t h e  FBD module and v e r i f y  
i t s  c a p a b i l i t y  to c a l c u l a t e  resonant  e x c i t a t i o n  of t h e  PBD with unbalance ( o r  
f o r c e )  on a n  a d j o i n i n g  r o t o r .  
4.1 DESCRIPTION OF THE DEMONSTRATOR MODEL'S STRUCTURE 
The demonstrator  mcdel i s  a two subsystem s t r u c t u r e ,  i l l u s t r a t e d  i n  Fig- 
u r e  4, c o n s i s t i n g  o f  ( 1 )  a low p r e s s u r e  (LP) rotor conta in ing  t h e  FBD and 
( 2 )  a high p r e s s u r e  (HP) r o t o r .  T h i s  system is  e s s e n t i a l l y  t h e  same as t h e  
demonstrator  mcdel i n  Reference 1. In  t h i s  p re sen t  work, however, t h e  former 
c a s i n g  is  considered a s  t h e  HP r o t o r  with a 100 gut-in unbalance a t  i t s  Eirst 
spanwise l o c a t i o n .  A m o d i f i c a t i o n  h a s  a l s o  been made t o  t h e  HP and LP s t i f € -  
tiesses e .g . ,  reducing them t o  a t e n t h  of  t h e i r  former values .  The r educ t ion  
i n  s t i f f n e s s  r e s u l t s  i n  lower f r e q u e n c i e s  and hence l a r g e r  t h e  i n t e r v a l s  f o r  
t h e  numerical  s o l u t i o n .  Figure 5 shows t h e  modeshapes of  t h e  model 's  two 
components. 
The FTJD p r o p e r t i e s  are de r ived  from t h e  o r i g i n a l  (Reference 1) bladed- 
d i s k  by al lowing it  t o  undergo a one-diameter a x i a l  v ib ra t io r .  mode shape. The 
FBI) modal p r o p e r t i e s  a r e  then c a l c u l a t e d  with t h e  formulae developed i n  Sec- 
t i o n  3.4.2.  The EBD s t i f f n e s s  i s  chosen a r b i t r a r i l y  so t h a t  i t s  one-diameter 
resonance i s  i n  t h e  range of  t h e  HP-LP d i f f e r e n t i a l  speeds.  Also, s e v e r a l  
v a l u e s  of t h e  FBD s t i f f n e s s e s  (o r  n a t u r a l  f r equenc ie s )  a r z  considered i n  o r d e r  
t o  observe how i t s  r,svnance speed 
t h e  c l a s s i c  observa t ion  of  resonance frequency-exci ta t ion frequency cross-  
ove r s .  
can  be r a i s e d  or lowered - e.g. ,  e x h i b i t  
The e x c i t a t i o n  source  i s  t h e  unbalance i n  t h e  HP r o t o r .  The r a t i o  o f  t h e  
LP t o  t h e  HP r o t o r  speeds i s  h e l d  a c o n s t a n t  2 . 0 4 5 ;  however, t h e  LP speed (and 
hence t h e  hP's) i s  allowed t o  i n c r e a s e ,  from 2400 rpm, l i n e a r l y  with time, 
r e s u l t i n g  i n  an FBD e x c i t a t i o n  frequency t h a t  a l s o  i n c r e a s e s  l i n e a r l y  with 
t i m e .  Figure 6 shows t h e  p re sc r ibed  t i m e  h i s t o r i e s  of t h e  HP and LP r o t o r  
speeds.  
r, . 2  DEMONSTRATOR SUBSYSTEMS' MODAL CHARACTERISTICS 
Since t h e  o b j e c t i v e  of t h e  demonstrator  model i s  s imr ly  to show how 
FBD-TETRA i s  used and t h a t  i t  i s  f e a s i b l e  t o  e x c i t e  t h e  FBD one-diameter 
i n  one r o t o r  by an unbalance i n  t h e  o t h e r  r o t o r ,  t h e  number of subsystem 
i s  minimal. The subsystem modes are ob ta ined  from an in-house d i r e c t  so 
method, and i t s  modal ou tpu t  is s t o r e d  i n t o  a TETRA inpu t  f i l e .  
The LP r o t o r  modes are r ep resen ted  by t h e i r  f i r s t  f i v e  modes (two r 
t h e  
mode 
modes 
u t i o n  
g id  
body and ' three f l e x u r a l  modes); whi le  t h e  i!P i s  r ep resen ted  by f o u r  modes (two 
r i g i d  modes and two f l e x u r a l  modes). Po la r  symmetry being assumed, t h e s e  
modes a r e  r e p l i c e t e d  i n  t h e  v e r t i c a l  and h o r i z o n t a l  p l anes .  The f r equenc ie s  
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Figure 6. HP and LP Rotor Speeds Versus Time-Demonstrator Model. 
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It  must be noted t h a t  t h e  FBD modal. c h a r a c t e r i s t i c s  a r e  obta ined  i n  a 
program e x t e r n a l  t o  t h i s  p re sen t  t a s k .  For t h e  purpose of t h i s  demonstra- 
t i o n ,  i t  i s  convenient t o  pick t h e  FBD inpu t  a r b i t r a r i l y ;  however t h e  va lues  
t h a t  a r e  s e l e c t e d  a r e  t y p i c a l  of FBD one-diameter modes i n  product ion t u r b i n e  
eng ines .  Inpu t s  f o r  t h e  demonstrator  model a r e  g iven  i n  Table  1: The f i r s t  
p a r t  c o n t a i n s  r o t o r  modal/inputs a s  i n  t h e  o r i g i n a l  TETRA; t h e  second par t  
shows (compare with FED inpu t  s h e e t s  i n  S e c t i o n  5.0)  t h e  FBD i n p u t s  and t h e  
connect ing elements ,  and f i n a l l y  t h e  t h i r d  p a r t  c o n t a i n s  t h e  summary of t he  
complete i n p u t s  a s  made by and rearranged by t h e  program. 
The FBD one-diameter mode is  a s t a n d i n g  ( n o n r o t a t i n g )  wave and i s  r e p l i -  
ca t ed  a s  v i b r a t i o n s  i n  two or thogonal  diameter  node l i n e s  ( v e r t i c a l  and h o r i -  
z o n t a l ) .  
4.2.1 Natural  Frequencies o f  t h e  FED 
In  demonstrat ing t h e  r e sonan t  a m p l i f i c a t i o n  of t h e  FBD, it i s  necessary 
t o  inpu t  a one-diameter n a t u r a l  frequency which w i l l  lead t o  t h e  d e s i r e d  
v a l u e s  when t h e  e f f e c t s  of r o t a t i o n  and gyroscopic c ross -ax is  coupl ing a r e  
accounted f o r  i n  t h e  FBD-TETRA program. I n  a d d i t i o n ,  the system f r equenc ie s  
of t h e  FBD-rotor combination a r e  d i f f e r e n t  from t h e  i n i t i a l  modal i n p u t s ,  
s i n c e  t h e  modal s y n t h e s i s  by TETRA inc ludes  inter-subsystem and i n t e r l n o d a l  
coupl inys.  As a consequence, t h e  t r u e  combined FBD-rctor resonant  f r equenc ie s  
a r e  Eound only a s  a r e s u l t  of t he  a n a l y s i s .  
Therefore ,  i n  t h e  FBD-TETKA c a l c u l a t i o n s ,  i t  i s  prudent t o  a r r i v e  a t  a 
good" i n i t i a l  value of t he  FBD frequency i n  o r d e r  t o  minimize r e p e a t  runs t o  I t  
show FBD resonan t  response i n  t h e  con tex t  of  t h e  complete s t r u c t u r e .  
To achieve t h i s  i n i t i a l  s e l e c t i o n  t h e  e f f e c t i v e  r e sonan t  f r equenc ie s  of 
t h e  FBL) when i s o l a t e d  from t h e  r o t o r  degrees-of-freedom, i s  c a l c u l a t e d .  The 
r e s u l t i n g  FBL) one-diameter mode f r equenc ie s  wi th  gyroscopic  coupl ing  are cal- 
c u l a t e d  from t h e  equa t ions  of t h e  degenera te  FBD as descr ibed  i n  Sec t ion  3 . 5 . 2 .  
There a r e  two f r equenc ie s  s i n c e  t h e  c ros s -ax i s  coupl ing h a s  t h e  e f f e c t  of 
s p l i t t i n g  t h e  symmetric FBD's frequency a t  z e r o  speed, i n t o  two modes corre-  
sponding t o  a forward and a backward wave. Thus: 
Wfwd =\/wo' + B2n2 + 
From t h e s e  expres s ions ,  one can s e l e c t  t h e  n o n r o t a t i n g  frequency w and ? 
b e t a  f a c t o r ,  8 ,  t h a t  would r e s a l t  i n  t h e  d e s i r e d  e f f e c t i v e  FRD f requencies  
with gyroscopic coupl ing.  
FBD resonant  e x c i t a t i o n s .  
These express ions  a l s o  i n d i c a t e  t h e  two poss;.ble 
I n  t h e  demonstrator  c a s e s ,  t h e  n o n r o t a t i n g  one-diameter frequency and t h e  
b e t a  f a c t o r  a r e  s e l e c t e d  t o  produce e f f e c t i v e  FBD r o t a t i n g  f r equenc ie s  c l o s e  
t o  a r o t o r  c r i t i c a l  speed and/or  e x c i t a t i o n  frequency. 
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4.3 TWO-ROTOR MODEL WITH FBD: TRANSIENT RESPONSE 
The two-rotor model is designed t o  i l l u s t r a t e  t h e  phenomenon of resonant  
response of t h e  one-diameter FBD mode (on t h e  LP) from an unbalance s t imu lus  
i n  t h e  tlP r o t o r .  I n  t h i s  ca se ,  t h e  unbalance load on t h e  HP r o t o r  i s  t r a n s -  
mi t t ed  t o  the LP v i a  the  connect ing sp r ings .  Due t o  the IIY-LP d i f f z r r n t i a l  
r o t a t i o n a l  speed, the unbalance i s  " f e l t "  hy t h e  LP (and consequent ly ,  t h e  
FBD) as an o s c i l l a t i n g  fo rce  i n  t h e  d i r e c t i o n  of r o t a t i o n  of  t h e  LP,  and a t  a 
frequency equal  t o  t h e  d i f f e r e n c e  i n  t h e  r o t o r s '  speeds.  Because t h e r e  is  no 
d i r e c t  phys i ca l  l i n k  between t h e  HP and the FBD, t h e  FBD i s  e x c i t e d  i n e r t i a l l y  
by tltti motion of t h e  LP r o t o r .  
To demonstrate t h e  FLD resonant  response,  i t s  r o t a t i n g  n a t u r a l  frequency 
(FBD a lone )  i s  chosen t o  be n e a r  t h e  HP-LP d i f f e r e n c e  speed. 
r e c a l l e d  t h a t  t h e  FBD's t r u e  resonant  frequency i s  a r e s u l t  of the i n e r t i a l  
and gyroscopic e f f e c t s  of t h e  HP and LP r o t o r s ,  which can be c a l c u l a t e d  o c l y  
(by f a s t  f o u r i e r  t ransform a n a l y s i s )  from t h e  f u l l y  coupled system. The FBD 
resonance is  t h e r e f o r e  i d e n t i f i e d  as one of t h e  modes of  t h e  f u l l y  coupled HP, 
LP and FBD system wherein t h e  motj.on of  t h e  FBD i n  i t s  one-diameter v i b r a t i o n  
i s  predominant. 
It must be 
The FBD model was also modified t o  stl;dy t h e  e f f e c t  of i t s  b a s i c  nmro- 
t a t i n g  frequency, ( o r  e l a s t i c i t y )  on i t s  c r i t i c a l  speed. By lowering t h i s  f r e -  
quency a s  w e l l  as t h e  HP and LP speeds one would expect  t h e  FBD resonan t  f r e -  
quency o r  c r i t i c a l  speed t o  occur  a t  correspondingly lower rotor speeds ( t h i s  
t r a n s l a t e s  t o  e a r l i e r  times i n  t h e  Transient-response p l o t s ) .  
The c a l c u l a t e d  t r a n s i e n t  responses  fo r  t h e  b a s i c  demonstrator  model as 
well a s  t he  s e v e r a l  modi f ica t ions  of i t s  n o n r o t a t i n g  n a t u r a l  frequency are 
i l l u s t r a r e d  i n  Figure 7 ( a ) .  Each p l o t  c o n t a i n s  t h e  FBD's t r a n s i e n t  a x i a l  
displacement h i s t o r y  i n  a r o t a t i n g  a x i s .  In a d d i t i o n ,  Figure 7(b)  shows t h e  
corresponding t r a n s i e n t  responses  of  p o i n t s  on t h e  LP and t h e  HP, f o r  t h e  c a s e  
of t h e  s t i f f  FBD (42.5 92). 
The i n i t i a l  peak corresponds t o  t h e  HP r o t o r  bending mode resonance. The 
second peak i s  t h e  FBD response.  When t h e  FBD n a t u r a l  frequency ( o r  s t i f f -  
nes s )  i s  reduced, i t s  resonance respcnse occurs  a t  an e a r l i e r  time which cor-  
responds t o  a lower LP r o t o r  speed  and a sma l l e r  HP-LP d i f f e r e n t i a l  speed. 
The FBD resonances r ep resen t  approximste?y t h e  c r o s s i n g s  of t h e  HP-LP d i f f e r -  
e n t i a l  speed ( e x c i t a t i o n  frequency) curve with t h e  speed v e r s u s  frequency cur-  
ves  of t h e  FBD f o r  va r ious  s t i f f n e s s e s .  Th i s  is given i n  F igu re  8 ( a )  which 
shows t h e  r o t a t i n g  frequencies  of  t h e  "FBD-alone" module. Note t h e  e f f e c t  of 
r o t o r  speed a c c e l e r a t i o n  r a t e  and t h e  gyroscopic coupl ing between :he FBD and 
t h e  rest of t h e  mode. 
From Figure 7 ( a )  and b ( a ) ,  t h e  FHP resonant  amplitude ( t h e  second or  
l a t e r  peak)  i s  found t o  be sma l l e s t  f o r  t h e  high s t i l h e s s  (42 .6  Hz) case  and 
i n c r e a s e s  as i t s  resonant  speed (lower s t i f f n e s s )  apFroac1ie.s t h e  €lP resonance 
( f i r s :  peak). This i s  explained by t h e  f a c t  t h a t  t h e  FBD s t imulus  i s  by an 
i n e r t i a l  i n t e r a c t i o n  with t h e  LP and HP, and t h a t  t h i s  s t imu lus  i s  l a r g e s t  
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E f f e c t  of Flexible Rlade Disk 1-Diameter Stiffness on Resonance Speed for:  
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a t  t h e  HP resonant  speed. Also,  a t  t h e  lower s t i f f n e s s ,  t h e  FBD i s  more f l ex -  
i b l e  and hence e x h i b i t s  a sma l l e r  impedance. It  can a l s o  be observed t h a t  t h e  
HP resonant  frequency r e l a t i v e  t o  ground is h i g h e r  compared t o  what i s  "seen" 
by t h e  FBD ( f i r s t  peak;. 
FBD response is  shown r e l a t i v e  t o  a r o t a t i n g  LP r e f e r e n c e  €rame, and hence the  
HP v i b r a t i o n  is  seen a t  t h e  d i f f e r e n c e  (HP-LP) frequency. 
Th i s  d i f f e r e n c e  i s  explained by t h e  f a c t  t h a t  t h e  
The FBD resonant  f r equenc ie s  Phown i n  F i g u r e  8 ( a )  by t h e  c i r c l e s ,  a r e  
w i t h  r e s p e c t  t o  t h e  r o t a t i n g  LP.  These a r e  obta ined  from an expanded t i m e -  
s c a l e  p l o t  of t h e  resonant  peaks by count ing t h e  number of c y c l e s  per u n i t  
t i m e  ( t h e s e  can a l s o  be obtained by an FFT a n a l y s i s ) ,  f o r  example see Figure 
8 ( b ) .  
t h e  LP r o t a t i n g  r e fe rence ,  s i n c e  t h e s e  would be more meaningful f o r  t h e  i n t e r -  
p r e t a t i o n  and v i s u a l i z a t i o n  of t h e  FBD response.  
The FBD displacements  and stresses are a l s o  c a l c u l a t e d  with respect t o  
F i n a l l y  a t y p i c a l  FBD s t ress  component's t rans ien t  response . s shovn i l  
Figure 9 f o r  t he  high s t i f f n e s s  c o n f i g u r a t i o n  (wf = 42.6 Hz). 
being d i r e c t l y  p r o p o r t i o n a l  t o  t h e  displacement ,  has  an i d e n t i c a l  time h i s t o r y  
except  fo r  t h e  ampli tude,  e .g . ,  t h e  same frequency c o n t e n t .  The stresses a t  
v a r i o u s  p o i n t s  i n  t h e  FbD do no t  have t h e  same ampli tude o r  phase,  s i n c e  t h e s e  
stresses depend on t h e i r  p o l a r  a s  w e l l  as r a d i a l  posi.tion and on whether a 
point  i.s on t h e  d i s k  o r  on t h e  b l a d e .  k i n g  a s i n g l e  mode r e p r e s e n t a t i o n ,  
t h e  FBU response fol lows e x a c t l y  t h e  r e l a t i v e  modal stress- and displacement 
shapes.  A l s o ,  s i n c e  t h e  FBD d e f l e c t i o n s  and stresses a t  a r b i t r a r y  l o c a t i o n s  
a r e  found subseql2nt  t o  t h e  c a l c u l a t i o n  of t h e  genera l ized  c o o r d i n a t e s '  
response,  t h e  t r a n s i e n t  FBD d i s p l t s e m e n t s  and stresses may be c a l c u l a t e d  from 
input va l t i e s  of modal-s tressps  and displacement s h a p ~ s  a t  d e s i r e d  FD1) poi nrs.  
The s t ress ,  
By hay o f  i l l u s t r a t i o n ,  :i s a m p l e  output  (if t he  FHi) and rotor  respi) i is( ' : :  
a r e  given i n  t i l e  l a s t  p a r t  o f  Table l .  
4 . 4  CONCLUSIONS AKD RECOMMENDATIONS 
The f l ex ib l e -b l aded  d i s k  (FBD) module has  heen embedded i n  t h e  Turbine 
- Engine Trans i en t  Response Analys is  computer program (TETRA). 
TETRA now permits-the c a l c u l a t i o n  of t h e  t r a n s i e n t  response of one or twa FBU's 
on a r o t o r  i n  a t u r b i n e  engine s t r u c t u r e .  
This  v e r s i o n  of  
The l o g i c  o f  t h e  t h e o r e t i c a l ,  formula t ion  has  been checked with closed-form 
s o l u t i o n s  of t he  degenerate  c a s e s  f o r  (1) FBD a l o n e  and ( 2 )  r o t o r  without an 
FRD. A l s o ,  a p p l i c a t i o n  of t h e  TETRA-with-FBD t o  a two r o t o r  paradigm model has  
demonstrated t h a t  t h e  FBD one-diameter mode (on one r o t o r )  can  be e x c i t e d  i n t o  
resonance by an unbalance on t h e  o t h e r  r o t o r .  The l a t t e r  phenomenon h a s  been 
observed t o  occur  i n  a c t u a l  engine  expe r i ence ,  and i s  the  p r i n c i p a l  reason for 
developing t h e  FBD module of t h e  TETRA Program. 
Within t h e  assumption of a s i n s l e  bladed-disk mode, t h e  FBC-TETRA also 
c a l c u l a t e s  dynamic stresses i n  t h e  d i s k  and/or  b lad ing  (on one r o t o r )  t h a t  
r e s u l t  from unbalance i n  t h e  o t h e r  r o t o r .  With t h e  f o r r n u l a t i v  of t h e  ro to r -  
FBD-structural i n t e r a c t i o n ,  t h i s  program can be employed t o  i d e n t i f y  p o t e n t i a l  
d y n m i ( . ; i l  probl(wis o f  h l a t l ~ . - ( i i s k - r o I o r  systems i i i i d  i l l s o  t o  e v n l i i a t r  an;tlyt i -  






























































































































































































F i n a l l y ,  t he  FBD-TETRA Program b.ts been i n s t a l l e d  i n  t h e  NASA LeRC "Gray" 
computer, and run nuccessfu l l :?  t h e r e .  
Due t o  t h e  volume of c a l  . l a t e d  d a t a  inhe ren t  i n  a t r a n s i e n t  a n a l y s i s  of 
engine s t r u c t u r a l  systems, it i s  recommended t h a t  a p l o t t i n g  c a p a b i l i t y  be 
added t o  the  "Cray" v e r s i o n  of  t h e  FBD-TETRA. Whereas t h i s  c a p a b i l i t y  i s  
incorpora ted  i n  t h e  NASA Univac v e r s i o n  of t he  o r i g i n a l  TETRA, t h e  "Cray" 
needs t h i s  t o  make the  i n t e r p r e t a t i o n  of r e s u l t s  more ipp id  and meaningful.  
When one looks a t  any cf t h e  t r a n s i e n t  p l o t s  i n  F igures  7a,  and no te  t h a t  each 
p l o t  i s  made u p  of 5C-0 s e p a r a t e  time s t e p s  acd t h a t  each time s t e p  r ep resen t s  
s e v e r a l  pages of p r i n t o u t ,  a p l o t t i n g  f a c i l i t y  becomes ir n e c e s s i t y .  
Another recommendation i s  fo r  updat ing  t h e  NASTRAN modal i npu t  f i l e .  The 
o r i g i n a l  TETRA employed t h e  subsystems'  modal d a t a  c a l c u l a t e d  by NASTRAN as 
inpu t  t o  t h e  Univac v e r s i o n  of TETRA. 
r a t h e r  than the  Univac's 32, and due t o  o t h e r  d i f f e r e n c e s  i n  t h e  two :omputers, 
t h e  NASTRAN-Interf ace  Program (which processes  NASTRAN ou tpu t  f o r  TETRA-Univac 
i n p u t )  should be updated t o  pe rmi t  NASTRAN modal d a t a  t o  be inpu t  d i r e c t l y  i n  
the  T5TKA-"Cr a y" c ompu t e r 
Since t h e  "CIay" u ses  6 I  b i t  word? 
Beside t h e  Yomputer  Systems" recommendations, t h e  FBD-TETRA should be 
app l i ed  t o  l a r g e r  engine systems.  
ough1.y t o  d i scove r  a1.L i t s  p o t e n t i a l s  a s  well as expose i t s  bugs and shor t -  
comings. 
t r a c t  i s  one such system. 
Any new program needs t o  be exe rc i sed  thnr -  
The E3 s t r u c t u r a l  model provided i n  Task 11 of t h e  p re sen t  con- 
The c u r r e n t  i n t e r e s t  i n  h igh  speed turboprop propuls ion  is  anothei  a r e a  
of poss ib l e  a p p l i c a t i o n  and ex tens ion  of t he  FBD-TETRA. With the comparat ively 
l a r g e  mult ibladed p r o p e l l e r s ,  propel ler-engine-nacel le-support  i n t e r a c t i o n  may 
become a n  important  a spec t  of  t h e s e  propuls ion  systems.  A m c d i f i t a t i o n  of t h e  
b a s i c  FBD-TETRA may be made t o  inc lude  one-diameter-mode p r o p e l l e r  b lade  aero-  
dynamic loadings which would be comprised of e x t e r n a l  f o r c e s  end do c s l l e d  
motion dependent aerod-Tnamic loads .  
computer program t o  ana lyze  p rope l l e r - ro to r  aeromechanical problems such as 
forced resonant  v i b r a t i o n  of whole propuls ion  systems and t h e  c l a s s i c  wh i r l  
f l u t t e r 3 l 5 ,  which i s  e s s e n t i a l l y  cha rac t e r i zed  as a one-diameter p r o p e l l e r  
mode. 
This  would extend t h e  c a p a b i l i t y  uf t he  
Other poss ib l e  a d d i t i o n s  t o  t h e  program could a l s o  inc lude  embedding new 
connect ing elements  such as non l inea r  squeeze-fi lm bea r ings  (Reference 6 f o r  
example) o r  nonl inear  s p r i n g s .  
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5 .O FLEXIBLE BLADED DISKt’TETRA PROGRAM DOCUMENTATION 
5.1 SUMMARY AND INTRODUCTION 
The o r i g i n a l  Turbine Engire  Trans i en t  Response Analysis  (TETRA, Refer- 
ence 1) subsystems are coupled gy roscop ica l ly  and/or  by connect ing ele- 
ments such as bea r ings ,  sp r ings ,  etc. This  r e s u l t s  i n  equat ions  of motion 
wherein t h e  genera l ized  or phys ica l  a c c e l e r a t i o n ,  hence mass, t c c u r  only once 
i n  each equat ion.  In  o t h e r  words, t h e  modal mass matr ix  is  d iagonal .  This 
prape r ty  of t he  equat ions  of motion is i d e a l l y  s u i t e d  t o  a cen t r a l -d i f f e rence  
i n t e g r a t i o n  scheme for t he  t r a n s i e n t  response s o l u t i o n ;  as a matter of f a c t  
g loba l  mat r ix  equat ions  are not neces . a ry .  
In t h e  present  development, t h e  f l e x i b l e  bladed d i s k  (FBD) motion i s  con- 
s ide red  r e l a t i v e  t o  t h e  r o t o r ,  uhich means t h a t  t h e  FBD is  a mode cons t ra ined  
t o  t h e  r o t o r  an which i t  i s  a component. 
t h e  Fbl) module, one must inc lude  t h e  motion of t h e  r o t o r  ( a t  i t s  at tachment  t o  
t t r e  FBD) as wel l  as t h e  FEU. This  r e su l t s  i n  a mass or i n e r t i a l  coupl ing  
between t h e  r o t o r  and FBli - i n  o t h e r  uords ,  t h e  class mat r ix  of t h e  r o t o r  and 
FBD equa t ions  a r e  no longer  d iagonal .  
c o n s t r u c t i o n  of a g loba l  mat r ix  equat ion  of the  r o t o r  and FED, t a k i y g  the  
inve r se  of the  mas: matrix, and mul t ip ly ing  t h e  m a t r i x  equa t ion  of t h e  r o t o r  
and FBD by t he  inverse .  This results i n  t h e  d i a g o n a l i z a t i o n  of t h e  acce lera-  
t i o n  c o e f f i c i e n t  mat r ix  - i d e n t i c a l  i n  form t o  t h e  o r i g i n a l  TETRA. 
quent ly ,  t h e  c e n t r a l d i f f e r e n c e  i n t e g r a t i o n  scheme is employed i n  t h e  s o l u t i o n  
of t h e  combined FBD-TETRA. 
In o r d e r  t o  d e r i v e  t h e  equat ion  of 
As noted i n  Sec t ion  2.0, t h i s  r equ i r e s  
Conse- 
The embedment of the FBD i n t o  TETRA r e q u i r e s  t h e  fol lowing:  
1. Discre t ized  FbD r o t o r  equat ions  
2 Global  mat r ix  formation,  mass mat r ix  inve r s ion  and m u l t i p l i c a t i o n  
3. Def in i t i on  of FBD coord ina te s  and convention 
4. Def in i t i on  of e s ses l t i a l  FBD geometr ic ,  e las t ic  and dynamic 
p rope r t i e s  
5. Def in i t i on  of rotor-FBD i n t e r f a c e  
6. Def in i t i on  of input /output .  
These items as wel l  as the  overview of the  FBD-TETRA program s t r u c t a r e  
a r e  descr ibed b,!low. 
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5 .2  GENERAL SCHEME OF PBD's EHBEDHENT IN TETRA 
The FBD and the  r o t o r  on which i t  is  a p a r t  are i d e n t i f i e d  and def ined .  
This  d e s c r i p t i o n  of t h e  FBD and i t s  r o t o r  allows t h e  e x t r a c t i o n  from the  
engine s t r u c t u r a l  subsystems, t h e  connec t ing  f o r c e s  j o i n i n g  t h e  FBD rotor to 
o t h e r  subsystems. 
The FBD-rotor coupled equa t ions  are t r e a t e d  i n  t h e  FBD module ( - c tua l ly  
s e v e r a l  sub rou t ines )  whi le  t h e  rest of  t he  subsystems are unaf fec ted .  
FBD module performs the  g loba l  mat r ix  o p e r a t i o n s  of  formation,  invere ion ,  and 
m u l t i p l i c a t i o n .  
as t h e  o r i g i n s 1  TETRA, t h e  FBL) r o t o r  is  re turned  t o  t h e  o v e r a l l  TETRA program 
f o r  t r a n s i e n t  s o l u t i o n .  Addit icnal  ou tput  v a r i a b l e s  are c a l c u l a t e d  t o  provide 
the FBD t r a n s i e n t  displacements  and stresses. 
The 
Af te r  t h e  FBD r c t o r  equa t ions  are r e s t o r e d  to  t h e  same form 
Figure 10 g i v e s  a view of t ne  gene ra l  scheme of FBD's embedment i n  
T E T M .  
l b d e l i n g  the  FBD r o t o r  system must inc lude  t h e  t o t a l  engine  s t r u c t u r e  as 
w e l l .  The FBD inpu t  are t h e r e f o r e  a d d i t i o n s  t o  t h e  o r i g i n a l  TETRA inputs .  
5.3 FBD MODULE INPUT 
FBD inpu t  h a s  been accommodated by adding inpu t  s h e e t s  C-13 through C-16 
t o  the  program input .  
TETRA inpu t  shee t s .  Thus, any run made on t h e  prev ious  v e r s i o n  of t he  program 
t h a t  d i d  no t  inc lude  FBD c a p a b i l i t y  w i l l  s t i l l  run on t h e  new vers ion .  
No changes were made to  any of t h e  a l r eady  e x i s t i n g  
As qoted above, FBD inpu t  is en te red  on Type C-13 through C-'.6 input  
s h e e t s .  Each FBD i s  represented  by a modal subsystem, which is why the  FBD 
inpu t  has  been grouped wi th  t h e  o t h e r  modal subsystem (Type C) i npu t  shee t s .  
A TETRA model may inc lude  0,  1, or 2 FBD's. I f  no FBD's are p r e s e n t ,  input  
s h e e t s  C-13  through C-16 a r e  omi t ted ;  whereas i f  one FRD i s  p resen t ,  s h e e t s  
C - 1 3  through C-16 are included once; and when two FBD's are p resen t  t hese  
input  s h e e t s  a r e  included twice.  For o t h e r  important  in format ion  regard ing  
the  FBD input  s ee  the  no te s  included on t he  Type C-13 through C-16 inpu t  
shee t s .  
The FBD one-diameter modal daca are r e p l i c a t e d  f o r  two planes:  That is, 
a h o r i z o n t a l  d i a n e i r i c  mode and a v e r t i c a l  d i ame t r i c  mode. These two modes 
r ep resen t  two s tanding  waves, which t h e  FBD t r a v e r s e s  as i t  s p i n s .  The FBD 
gene ra l i zed  coord ina te s  are t h e  p a r t i c i p a t i o n s  of t h e s e  two modes. 
The FBD modal i n p u t s  can be d iv ided  i n t o  two groups.  Group 1 input  d a t a  
( t h a t  inc lube  input  s h e e t s  C-13 and C-14) a r e  e s s e n t i a l  t o  t h e  dynamic 
response of the  FBD as  a subsystem of t h e  engine s t r u c t u r e  - they  c h a r a c t e r i z e  
the  fundamental one-diameter modal p r o p e r t i e s  of t h e  FBD. They inc lude  tile 
FBD c e n t e r  of g rav i ty  l o c a t i o n ,  t he  FIID modal weight and modal i n e r t i a l  prop- 
e r t i e s ,  9 - f ac to r ,  s t a t i c  one-diameter modal frequency, and b e t a  f a c t o r  i n p u t .  






Figure 10. General Scheme of FBD’s Embedment in TETRA. 
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Type C-13 
MODAL SUBSYSTEM INPUT FOR FLEXIBLE BLADED DISK SUBSYSTES 
Input s h e e t s  C-13 through C-16 apply fo r  Subsystem 12 ( F l e x i b l e  Bladed 
Disk Number 1 )  and Subsystem 13 ( F l e x i b l e  Bladed Disk Number 2) .  
I f  both F6D Number 1 and FBD Number 2 are  p r e s e n t ,  they must be l o c a t e d  
on t h e  same r o t o r .  
modes €or Rotor 1 must be included i n  madal Subsystems 1 and 2, and 
modal Subsystem 3 must be omi t t ed .  I f  t h e  FBD(s) are on Rotor 2 ,  t hen  t h e  
r i g i d  body modes €or Rotor 2 mcst be  included i n  S u b s y s t e m  4 and 5, and 
Subsystem 6 must be omit ted.  Both t h e  r o t o r  v e r t i c a l  p l ane  and h o r i z o n t a l  
plane subsystems shou - r  included fcr t h e  rot - i i c h  i n c l u d e s  t h e  
FBD(s) t o  account L? ' i n g  between t h e  genera l ized  coord ina te s .  The 
phys ica l  weight and t .  e J moment of i n e r t i a  p r o p e r t i e s  of t h e  FBI;( must 
be included i n  t h e  qpp l i ca  e rotor v e r t i c a l  and h o r i z o n t a l  p l ane  sub- 
systems. Rotor speed inpu t  ( Inpu t  Sheet  J) must be included €or t h e  rotor 
on which t h e  FBD(s) a r e  l o c a t e d .  
I€ t h e  F E D ( s )  are on Rotor 1, t h e n  t h e  r i g id  body 
$LIST2 
I 
TITLE= ' 9 
,SUBSYSTEM NUMBER (12 o r  13) --- Ism= 
ICG= ,TETKA Point  number f o r  t h e  FBD c e n t e r  of g r a v i t y  (Th i s  
p o i n t  must be included i n  t h e  a p p l i c a b l e  r o t o r  v e r t i c a l  






MODAL SUBSYSTEM INPUT FOR FLEXIBLE BLADED DISK SUBSYSTEMS 
wTF= 
QFAC= 
, one-diameter modal weight WTf ( l b )  
, modal Q-factor (omit or set to 0 if no damping 
des 1 red 
-- 
WF= , static frequency wf (hertz) 
XnU= . modal tangential shear coefficient, M,, ( l b )  
sv= - , modal moment coefficient, S, (in-lb) 
Note: To account for gyroscopic effects €or the FBD, the polar moment of 
inertia of the FBD must be input on Sheet N at the FBD C.G.  point. 
Input the following table for beta factors. Include at least 2 and 










MODAL SUBSYSTEM INPUT FOR FLEXIBLE BLADED DISK SUBSYSTEMS (Continued) 
--_IL 




l a r  Displacement of Rotor) 
Y (Hor i z o c t a l  D i r e c t i o n )  
(Forward Looking A f t )  L Fixed Global  Coordinate  System 
Enter  the r acd 6 coord ina te s  for  each of t h e  subsystem p o i n t s  o t h e r  than tlle 
c e n t e r  of g r a v i t y  po in t .  
p o i n t s  f o r  subsystem 13 o t h e r  than  t h e  c e n t e r  of g r a v i t y  p o i n t s .  
of subsystem p o i n t s  o t h e r  than t h e  c e n t e r  of g r a v i t y  po in t .  
Maximum of 200 p o i n t s  €or subsystem 12 and 200 






r 2 O  
0' 5 S 360' 
MODAL SUBSYSTEM INPUT FOR FLEXIBLE BLADED DISK SUBSYSTEMS (Concluded) -
For each of the  subsystem p o i n t s  o t h e r  than t h e  C.G. po in t  e n t e r  t h e  
s t a t i c  ( z e r o  speed) mode shapes (asslimed to  be 0 i f  not  e n t e r e d ) :  
Tangent i a1 
u ( i n c h e s )  v ( i n c h e s  
FBDMS = 
For each of t he  subsystem p o i n t s  o t h e r  than t h e  C.G. p o i n t  e n t e r  the modal 
stress components (assumed t o  be 0 i s  nor e n t e r e d ) :  




the  FBD-engine i n t e r a c t i o n ;  t hey ,  however, a l low the  c a l c u l a t i o n  of tile 
response of any of t h e  l o c a l  po in t s  on t h e  FBD as determined by t he  Group  1 
inputs .  
and the  modal stress components f o r  each of t he  l c c a l  p o i n t s  on the FBI) on 
which t r a n s i e n t  displacements  and/or  stresses are d e s i r e d .  
The Group 2 i npu t  i nc ludes  the  r and 5 coord ina te s ,  t h e  mode shapefi, 
Input  s h e e t s  C-13 through C-16 fo l low.  See Table  1 €or sample input  
demonstrat ion case. 
1. FBD one-diameter p a r t i c i p a t i o n  f a c t o r s  (gene ra l i zed  displacement)  
f o r  ( a )  h o r i z o n t a l  diameter  node l i n e  s t and ing  wave and ( b )  v e r t i -  
c a l  diameter  node l i n e  s t and ing  wave 
2. Axial and t a n g e n t i a l  displacements  r e l a t i v e  t o  t h e  r o t o r  a t tachment ,  
of any des igna ted  p o i n t ( s )  on t h e  FBD ( t h e  po in t  coord ina te s  and 
mode shapes must be i n  Group 2 i n p u t )  
3 .  Stress components on the  FBD a t  des igna ted  p o i n t s  ( l o c a t i o n  and  modal 
stress components; t h a t  i s ,  s t r e s s / d e f l e c t i o n  must  be included i n  
Group 2 i npu t ) .  
Also, t he  FBD r o t o r  mass mat r ix  and i t s  inve r se  a r e  p r i n t e d  o u t .  This  is  
intended t o  provide a s s i s t a n c e  i n  d i a g n o s t i c s .  A sample of a t y p i c a l  ou tput  
i s  given i n  the  pages which fol low.  
5.5 OUTPUT PLOT FILE:  FORMATS AND DEFINITIONS --- I-I- 
Some changes t o  the  conten t  o t  t h e  output  p l o t  f i l e  were unavoidable 
because of the  need t o  add t h e  FBD d isp lacements ,  stresses, p a r t i c i p a t i o n  fac- 
t o r s  (genera l ized  displacemments),  and o t h e r  FBD parameters  t o  the  output  p l o t  
f i l e .  For t h i s  reason,  any TETkA pos tprocessor  program t h a t  reads  t h i s  ou tput  
p lo t  f i l e  and which was w r i t t e n  f o r  t he  o ld  v e r s i o n  of t h e  program without  FBD 
c a p a b i l i t y  w i l l  have t o  be modified s l i g h t l y  t o  work with t h e  r ev i sed  TETRA 
program. 
q u i t e  e a s i l y .  
However, such requi red  changes are minimal and can be accomplished 
The fol lowing is  a l i s t i n g  of t h e  con ten t s  of t he  output  p l o t  f i l e  €or 
t he  rev ised  TETRA program. 
an e x i s t i n g  program which reads  the TETRA output  p l o t  f i l e  or t o  anyone w r i t -  
i ng  a new program t o  read t h i s  p lo t  f i l e .  
This  l i s t i n g  should be h e l p f u l  t o  anyone modifying 
See Table 1 f o r  sample output  demonstrat ion case .  
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T ble 1. 'Ih-Rotor Model with FBD, Input and Outpi t.  
Modal Subsystan Input 
for Rotor 1 and 2 
'REF- Q. 9 
:REF* 3. P 
PTC . .. 
-5.70Z41E # I  
-5.8427bE 01, 
- t  .5&59VE # I  I 
-4.8913.E # I  P 
- b . O 5 5 7 X  # I t  
-7.07304E # I  v 
7.73343E-08, 
-S .T78 i lE  8 4 ,  
-5 .Z t t33E  # 4 *  - .7##4EE #4 I 
4.7316VE 0 4 ,  
5.1V371E # 4 *  
5.2245ZE # 4 i  
2.07951E-15, 
-Z.#4bOBE 05, 
- 2 . l l 0 7 3 E  OSi 
-2.17m4E 05, 
-3.07511E #SI 
I . H 4 5 b E  0 4 ,  
1 .b354#€ 04  I 
- i . 1 4 4 v 3 E - o 4 ~  
5.58947E f i b ,  
5.15753E #4v 
7.23746E F3r  
43 
ORICiNAL F K E  E!$
OF BOOR QUALITY 
Table 1. Two-Rotor Model with FBD, Input and Output. (Continued) 
LP ROTOR----'v 
1 1  
1 1  , 
# r  
11 
1 9  
B.b#sdlE 01, 
S.PS112E 1 1 1  
9.41123E 111 
-5.144985 01 I 
-S.##247E # I  I 
-5.11111E 1 1 ,  
3.49516E-#7 I 
-5.712415 E l f  
-5.84276E 1 1  r 
-6.5t599E e1 * 
-4.89831E 01, 



























PO I 9001 
1 O Z H . 1  
1020 I u 
10212.1 





102090# em I H I  
0021 LOO 
002 1 2 u  
eo2 1 311 

























. - -w 
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  




VERT .-- - ’ I 
1. I 
0.  t 
0 .  I 
0 .  
1. I 
1. 1 
0 .  I 














l.I#IUE u t  













vn I I , I 1 2’ - 
UH(1 I 1 e31 







2. b7132E-02 i 
2.74.62E-12r 
I ,  













9.74bV7E 00,  
-1.3372bE 1 2 r  
-2.vso512 a21 
-1.5llIsE-~b# 
2.231308 1 5 1  
3.34OIVE 15v 
-9.3V713E 141 
- 1  .Il29tE 01 I 
-4.39ISIE OL* 
-3.02919E 13, 
-1.071312 0 3 ,  
-2.bS427E 1 2 1  
1.llbaOE 0 2 ,  
-7.57617E-17r 





8.112732 O t r  
0 .  t 
7.3V29SL 14. 
V.51500E 1s. 
-3.41441E 1 5 ~  
-3.21732E 161 
0 .  , 
45 




XREF. 6. I 
VREF. 0. * 
ZREF. P .  I 
PTS' 
9 ,  1. r 
IB . ( IE0 ,  
1 1 1  50.91Iv 
I t t  71.0W9 
13s 90.000. 
!el 313.909. 
---HP ROTOR WORIZ. I I 
E .  t 0. t 
9. , 0 .  I 
0 .  I 0 .  5 
6 .  I 1. I 
0 .  v 1. I 
0 .  t 1. I 
0 .  I 1. I 
-7.356UbE U4v 




1.13170E P 5 v  
1.59i49E-04, 
i.2313tirE 95, 
?.34019E 0 5 ,  
-9.39703E 6 4 ,  
-3. t791bE-04 v 
46 
Table 1. Two-Rotor Model with FBD, Input and Output. 
SEND 
* L I S T 3  
(Gontinued) 
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Table 1 .  Two-Rotor Model with FBD, Input and Output. (Continued) 
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Table 1. 'hm-Rotor Model with FBD, Input and Output. (Continued) 
END CS I N P L ~ T  F I L E  
ITWE CURRENT FROGR(LM L IWITS FOR 
)(1\1 NO. OF PHYSIC& PSINTS N f l  
M Y .  NO. 
OF PHYSIChL 
SUBSISIF* W I N T E  
1 i e  
I @  
3 10 
I l d  
S l d  
! I  I #  
THE INPUT VIIRIABLES PIRE- 










TETRA Processed Input 
from I n i t i a l  and 
Basic Input 
M I .  NO. OF l I R E - F C K E  r(lSTtC11 LOADS: 3s 
*PI. NO. OF TIM-FORCE H I S V R V  TABLE!= 1% 
W A X .  NO. N tIIRE-FORCE) P a m  I N  EALrh H I E l i l K f  TAbLE- 111 _ _  - 
'+AX. NO. OF CYROSCOCIC L O W  LGCATIONS= 3pI 
MY. NO. OF (PGINT~DIREiT ION)  OLIIRS FOR UH!CC COOkCIN&TE5* t!:FLa-EWE%--, 
*AI. NO. OF (ELE~ENTIPOINT~DIRECTION) T R I O S  FD5 UHiCH CL+dhEiT!hi 
VELOCITIES, DND MID* FORCES ARE URITTEN '(1 THE PLST FI-E- 5 @  
ELEIlENT FORCES M E  YRITTLN T O  THE PLOT FILE-  58 
I I N P U T  DOTA FOR POINTS NOT LCiiilTEC ON THE RODl\L SLlPf*STEWS- 
H 4 7 3 i i  
1#474## NURBLR OF SUDSYSTER DlKECT!ONS= : 
#0475## 
@#I 7 b#O 
4 4  




d S 4 9 1 U  
W 4 9 I H  






I 1  l.w 
' 2  1 P . W  
1 3  3 1 . w  
1 4  s1 . ##I 
5 7 C . W  
b 9 1 . w  
7 iee.rme 









r . m  . r . m  
1.m 31.- *.me %.we 
# . H e  PI.### 
r . m  1 r . w  
#.em 7r.m 
r . m  1n.m 
7 
71. 6.307€+#1 
116. I .  b#ZE*SZ 
4 4 4314. 9.53#€*#5 
5 7811. 1.46@€*16 
1 :  
3 ' 3  ;tw. I . m 0 ~ * ~ 5  
drltMBEF 06 iUBSViTER MODES. 5 





































































-1. a t  5 3  
- Q .  9571 t 
- 9 .  Y747t 
-#.49YZl 
L.  i 0 3 e i  
8.56763 
0.tZS't 
1 . wew 
-1.10194 
-1. 63954 
- C .  40072 
- 6  IClPL 




1 . 4 1 4 1 1  
-1.739411 
-#.e0971 
-1 ,326 -SI 
e. 91 4:4 
S.#I4?4 
#.#:+LE 
6 . 1 l r t 1  
9.E14C': 
S.814C 1 












I . C f 3 1 1  
e.e?ie; 
1.13:7z 









-# . 11136 
-1.11771 




r . m  1.m 
r . W  1.111 
#.He #.#EQ 
1.m #.#a@ 









- ' . l l iE+B! 
3.4955-J7 
-5. ? K E * d  i 
-5.943E.61 -:. 56cE.51 
-4.393E-J! 
- 5.05CE-6 1 
-7 .173€*31 
7.733E-Pc? 
- 5 .  ;73E*B9 
-5 . i c t E - I 4  





-: . 14tE.15 





- i . l 4 5 E - 1 4  
5.ISOE*#4 
7 * i37€*13 
-4.684€*#5 - 4.. 27bE*16 
-3.664€+#5 
S . S B V E + ~ L  
- 9 . m ~ - 1 3  
TAETZ-l 
6.YC4€+16 
I .  b81E+17 
z . S I X  -61 
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Table 1. 'hro-Rotor Model with FBD, Input and Output. 
r . m  r . m  
1r.m r . m  
?#.HI r . m  
H.W r . m  
7r.m #.W 
OI.m B . m  
1n.m r . m  
OS SuDSltTER POINTS= 
#.mu r . m  
r.m :e.m 
r . m  w . y I  
r . m  7r.m #.mu 0I.m 
r . m  1r.m 
r . m  se.m 
7 
r.m r . w  
c . m  t.HQ 
r . m  ?.u? 
r . m  ?.E..- 
#.- *.HI 
r . m  0.- 












































































































THETA- I  
-l.#@## 
-0.W714 
-0. 57 1 n 
-#.27976 
r.r12n 
r. n 4 n  
#.4H37 













- # . M I  




















(Con t hued)  
#.me453 









V. 4#E4 1 




































s . u #  
d . W  
a . m  








I S  
I -  ._ 






















l i  






! L  
' Z  
-4. 
li 
l i  








I 4  
1 4  
14  
I 4  
I 4  
I 4  
14 
9 
I #  

























- I .  rM3a 
-*.ae34; 
-a. t5QR 
-#. 4 1 3 0 ~  
-1.17fSZ 
O.#SbT? 
9.  17t5I 





0 . O t  93: 
I .Wld 
I .#HI# 




0 .  S9.M 
0 .  9ssw 
- 2.53eE.1' : 
- i .  4 i 3 F * K  
-1.4bSE-03 - 3.135E-Q 1 
-;.736E-?lI 





b . iOoL+Ob 
4.3311+06 

















0 .  21602 
# . ObJY 
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Table 1. 'Itro-Rotor lbde l  with FBD, Input and Output. (Contlnued) 





1 1s  
2 16 
2 16 
2 l b  
Z 1b 
2 16 - I* 9 
1b 
3 17 













































#. 17b53 -#.#1101 
-#.317H -#.#I 342 
-1.10277 -0.r134; 
r . r n 7 4  -#.#I342 
S.34742 -#.SlN7 
# . m b 7  -#.#l3#b 
#.Ob933 -#.#13#6 
1.- -#.#13#6 











-#.9b4- - # . # 2 W  
..me2 -#.#4m3 
#.9b3S# -O.#42W 
1. b 1 x 4 1  
4.392E+#Z 
3.#ioE*9? 



















7.2 1 X*#b 
0.43#E*Ob 
- l . l l X * # 5  
-0 .#42E*#b 
-Z.slW* r . w a  
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Table 1. Txm-Rotor Model with PBD, Input and Output. (Continued) 
! ;*.IC? O . a  # . a w e  0 . S W Q  
1 zc.a10 a.0 0 .  l m r  0 . 3 W  
3 i3.W 30.9 0. I H . 0  0 ~ 33H*  
4 3 . 1 C J  34.# a. a o 4 ~  a.sclda 
e i@.- W.0 0.1)I)O 0.4o06t  
7 ?@.#to 00.6 1 . 7 H . E  I .o4#@# 
5 M . W C  45.9 @ . ? W e  1 . w e d  
)UUPtBEfi OF LOCAL POINTS W T I Y  FBD= 7 
l T O T q L  N M H R  W SUBSY5TERS= 5 
#TOTAL WUI(8ER @F W E S  OR L E S R A L I Z E D  CiWRDIWTEE* 
W J W M Y  OF THE WOMS OR CENERALIZED C W R D I W T E S -  
ZQ 
LENERAL I Z r D  
COORDINATE G F N E R a L r X I ~  CEMRALIZED CENERALIZED 
NUIIBER NEIWT S T I F F I Y S S  DAII)INC VRLUE 
YITH TIME WD IS 
0iWJ*. 
5d4t?. 
I r i b w .  
3 .  
Ywa.  
a. 
s i G a .  
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. 7  
0 
9 
I 9  









M . W  
9.- 










PI. n o  
w.10 
PMVSICN m C  
O . w  
0 . m  
0.m 
0.- r . m  
0 . m  
0.0.. 
O . m  
I.m 
r .m 
O . m  
#.#a@ 
0.666 e . m  r.m 
#.we 
NURDER 1 
ELENNT TYPE= 5 
MURDER Of END POINTS= f 
NuIlBEFl JF DIRECTIONS FOR POINT IT I END= S 
D~RECTICIYS FOR POINT a i  i END- 
I iGLOEhL DIRECTION S) 
'I i C L t l 4 L  DIRECTION 3! 
NUREER OF DIRECTIONS FOR Y O I M  I T  J ENb= 5 
SPRINC CONSTWT I N  Z DIRECTION* # . M * I I  
SPRlNC C0I)STYIT IN t DIRECTIOw* L . m Z * 4 4  
SPRINC CONSTUlT IN 2 DI3ECTlON* I .#WE*I4  
WRING CONSTY17 IN 1 Y T A - I  DIRLCTIOW- I.mE*l, 
WRIW COlSTYlT IN TWLTI-2 O I R E C T I O * ~  I . m + W  
IQ-rACTOl). 15.1 F M W E N C T =  93.3 WCRTZ 
# W I N G  CWSTI*TC ( C I L W L I T C D  MCEO ON hDOVE 0-FACTOR UID FREQJCNC7)- 
W I N G  COEFFICIEPT IN 1 DIRECTtOW= $.#U€*H 
D M T I Y C  COEFFlClCNT IN V 91RECTlOl= 1.137€*W 
W l N C  CMFFICICNT I N  2 OIIKCTION= 1.13?t+W 
WING COEFFICILNT IN Tl€TI-V DIRECTIOM~ #.#HE*H 
W I N G  COEFFlC lE lT  IN T I T T I - 2  DIRECTIOW- #.###€+#I 
1 PMVSICIL t O m C f I l l C  ELERNT NUMBER 2 
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Table 1. --Rotor Model w i t h  FBD, Input and Output. (Continued) 
ELEHENT T m -  5 
NUMBER OF END POINTS- 2 
POINT N W B E R  AT 1 END= 6 
POINT M D E R  a i  J END= 13 
NUMBER OF DIRECTICNS FOR POINT a i  I  END^ 5 
DIPECTIONS FOR POINT nT I END- 
X (CLOD& DIRECTION 5 )  
I tCLOBhL DIRtCTSON 3)  
i iGLOML DIRECTION 11 
T ~ E T A - I  ,cLoBaL DIRECTION 21 
THETA-Z iCL3BAL DIRECTION 4 )  
NURBER OF DIRECTIONS FOR POINT n i  J END= 5 
DIRECTIONS FOR POINT fiT J END- 
x IcLoBaL DIRECTION 5 )  
;PRXhG iONSTANT IN X DIRECTION; 1 .#1IE+&3 
SPRING CONSTANT IN .I DIRECTION* S . M - 1 4  
SPRINC COYSTANT IN Z DIRECTION= 5.31#E*14 
PX10PBB SPRINC CONSTANT IN TIYTA-Y DIRECTION* #.O@OE*B0 
die0iCe SPRINC ~ O W S T ~ N T  IN Ttwn-2 DIRECTION. e.eHE+iw- 
ClSIiOB dO-FACTOR* I5.S FREOLIENC I = 9 3 . 3  nERTL 
4iae>aa . - - - - - - 
B IS6400 
9191511 BDPMEINC CONSTANTS IClKCULATEG BASED 3(r ABGUE O-FMTPH AND FREQUENCY)- 
a t  ee6m - _ _ _ _ _ _  
d I #@7#0 
l l l i # P # l  
1l11911 
Jlll111 
d l 1 1  110 

























DAKFINC COEFFICIENT IN I DIRECTION= #.OIOE*BB 
DbHPINC COEFFICIENT IN I DIRECTIM= 5.686E*15 
DILMPINC COEFFICIENT IN 2 DIRECTION= S.606EMB 
DAHPINC COEFFICIENT IN T I E T A - Y  DIRECTION- #.@elE*@P 
DAHPINC COEFFICIENT IN Ttmn-2 DIRECTION= #.HN+w- 
I PwsIcnL CONNECTING ELEMENT N U ~ B E H  a 
ELEMENT TYPE. 5 
NURSER Of END POINTSa i 
POINT NUMBER n i  I END- is 
POINT NUCIDER AT J END= 31 
NUMBER OF DIRECTIMS FOR POINT a i  I ENDS 5 
DIRECTIONS FOR POINT AT I END- 
I (CLOIM DIRECTION 5 )  
2 (CLOBAL DIRECTION 1)  
THETA- I  ICLOIM DIRECTION 21 
I (cLoBnL DIRECTION 3)  
T w n - 2  (CLOIAL DIRECTION 4 )  
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Table 1. %-Rotor Model with FBD, Input and Output. (Continued) 
ELEMENT TYPE. S 
NUMBER OF END POINTS= i 
POINT NUMBER n i  I END= 1 3  
P O l N i  NUMBER a 1  .I END- 31 
WBER OF DIRLCTIWS FOR POINT a i  I END= 5 
DIRECTIONS F M  POINT b l  i LND- 
X t C L O W  DIRECTION 5 )  
I iCLOML DlRFETlON 1J 
v icLoeaL DIRECTION 3) 
TMETA-V (cLoenL DIRECTION 2 )  
7Min- r  iGLoeaL DiREcTIcw 4 )  
NUMBER OF DIRECTIONS FOR POINT n i  J END= 5 
DIRECTIONS FOR POINT n l  J END- 
x icLoBnL DIRECTION Sb 
V (GLOBAL DIRECTION 3)  
2 (CLOIIIL DIRECTIW 1)  
T)(tin-v (CLOML D I R ~ C T I O N  i )  
TWETP-2 iCLOML DIRECTION 4 )  
SPRING COI(STM17 IN I DIREtTION= O.OW€+00 
SPRING CONSTLWT IN Y DIRECTION= 5 . M 4 4  
SPRlNC COYblMT I N  2 D I R E t T l m =  5 . M d 4  
EPRlNC CONSTANT IN T H E T ~ - V  DIRECTICN* #.OW€*H 
e i 1 3 w  I 1 . ~ 0  0. 
P 1 1 3 9 H  2 4.##W#l 3w. 
P I I 4 W  Of01a W l E R  W S E E D  SEGMMTE FOR INMPEWKWT ROTOR W E E D - T I M  
" I l 4 l H  H IETDRY~ 2 
$ 1 :  2W #DCCZNDENT ROTOR MURDER9 2 
CI 143W 
$1 144II 
d l l 4 S H  
4 1 1 4 ~  n o  0 . 1 ~  I. 1.W C- 4.25 D. - I . l lW*14  
- 4 l l 4 i H  OW-I OF W M L U l C E  L M D  INPUT- 
$ 1  l4W1 
31 I 4 W l  
TMC SPEED POLVrOMlIL COEFFICIEYTO FOR 1% #PENDENT ROTOR ME- 
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Table 1 .  Two-Rotor Model wi th  FBD, Input and Output. (Continued) 
I -  t . i @ E + M  
B.RCE*OI 
Z -  0.dOE*aQ 
B.OCE*JC _ -  R.OOE*OJ 
d .BQE*JR 
4 -  B.OOE*RO 
R .BdE*R0 
5 -  B.OIE*bR 
a .#BE*#@ 
6 -  B.OOE*OQ 
d.COE*Bd 
7 -  P.R@E*BE 
@. OCE*BR 
R.JOE+OQ 
9 -  I . IdE*OO 
J .OEF*CO 
10-  O . O I E 4 0  
4.39E1.8 
1 1 -  7.56E-OS 
4.2ZE -ez 
12-  5.83E-Oi 
e .  3LE -# I  
INVERSE OF THE M l  
1- 4.43E-01 
Y 1 LdVBd 9 .WE-O3 
dlilC0J @ROY 2-  4.69E-03 
I L l l U 0  1 .C!3E-O: 
d l i  1300 8 . t l E - 0 3  
P I L l 4 I e  OKOY 4 -  9 . 9 I E - l 4  
~l2lSIB 5.37E-04 
eiilbrr OROU 5- I.lZF-#2 
. 1 L I 7 1 0  1.26E-17 
n- Q.RQE+OB 
n1;1;0~ *ROY 3 -  5 . ~ ~ 4 3  
? I ~ l f $ ~ O  QROU 4- O.O#E*OO 
312 I Y O O  I .  l i E - 0 2  
dl22000 QROY 7 -  -2.94E-03 
a 1  :2100 :. 4 I E - # 3  
Bliiill OROU 8 -  1.34E-03 
P I2i3.1 I .67E-OZ 
91224#l BROU 9 -  b.66E-04 










6 . 3 t E - 0 1  
-S .93E-Ri  








I . 2 9 i - 0 1  
a . e o E * H  






















5 . n 3 ~ - e :  




0 .OBE+OB ~ ~~~ ~~ 









O . M E * M  
I .#7E-01 
# . # I E * H  
6.32E-01 
I .7#E-# I  



























-5. W E - l 4  
0 .  IOE*@l 
One T h e  Output Shown 
a t  Speed Range, M a ~ s  
Matrix and its Inverse 
R l i i b W  @ROY IO- 9.8VE-13 I.83€-#2 E . b I E - l 3  5.37E-04 
a i t ~ 7 o e  2.798-61 -2.3#E-02 -3.56€-#1 
A I ILPOP -?.)BE-I2 2. IOE*OO -3.4.E- l b  
3 l i 3 Q B d  : h 1:- -6.32E-02 -1.24E-Ol -S.10€-02 -1.83€-#3 
3i i : i  es -).%E-01 -3.  W E -  I b  2.40€*## 
+ I 2 3 2 0 8  - i i E  RUN PRODUCES A PLOT F l L E  ( F I L E  CODE 231. 
3123309 - 'ME:,  ROTOR SPEEDS, AND ROTOR ANGULAR DISPLICEMENTS 
i ' l i3408 :F A h Y )  I R E  URITTEN ONTO THE PLOT F I L E .  
~1;3'50@ .:.PLACEMNlSg VELOCITIES, WODAL FORCES I N 0  COOPDINATES ARE WRITTEN 
+1L3CW I,-: THE PLOT F l L E  FOR THE FOLLOUING POINTS hND DIRECTIONS- 
[r1iie00 daPw ! I -  - 8 . 2 ~ ~ ~  - 4 . s m - o ~  - I . M E - ~ I  - t . e ~ - m  
O.OBE*Od 
0. M E * d Q  
0 .  MOE*QQ 
d .  QiiE-dd 
4.39E+Qd 
d . 0 0 € 4 *  
0.00€*0d 
0 .(1QE-Q@ 
0 .  MOE+S@ 
0 .  OOE+#O 




I .  6 7 E - # i  
4.OOE-03 
i . 7 9 E - l l  
-9.b9E-03 
-1. a x - 0 2  
-B.b1E-#3 
-!I. 37E-rn4 
I . H E * # O  





0 .  QdE-dR 















5 . tTE-03 
9.9OE-l4 
1 . 1 2 E - l i  
b .  3ZE -02 
-8.ZlE-BL 










- 1  .,PE-Ol 
0.78E-0; 





4 .09E-a j  
3 . 9 5 E - l l  
4.82E-13 
b . l9E-#4 
S.4nE-03 















Tab le  1. Two-Rotor Model with FBD, Input and Output. (Continued) 
# 123749 
4123800 
41239~0  CLOBAL 
eiz4000 POINT DIRECTION 
4 1 ~ 4 1 ~  wnm N W E R  DIRECTION 
dl24500 
0 124309 
Ol2bIN 1 1 1 
01P450E 2 I I 
ll:4600 3 1 z 
al i47#4 4 1 2 
-4iiwae 4 3 Y 
~i:4vefi 5 1 
71;5009 b 1 
a1i5101 ' I 2 
915550. 8 1 ? 
81253OS ? 1 ? 
+1;54W 10 I z 
>1:5500 11 1 z 
P ~ ; ~ C O C  I! 3 V 
dlL57W ! Z  1 I 
61L5?Cfi !3 1 ? 
? 1 3 ? d @  !4 1 z 
11L61P8 JTOTAL NUMBER OF POlNTS ANG DIRECTIONS FOR DISPLACERfN'v VELGCiTV 
31TCl00 1ODAL FORCE, AND COORDINATE PLOT F I L E  OUTPUT* 16 
2lLbi01 OTHE RELATIVE DISPLACEMNT MWNITUDE. C L E M M E ,  AND FORCE MAtNi'lOE 
+ i f c 3 4  IS WRITTEN TO THE PLOT F l L f  FQR ALL TYPE 3 PHYSICAL CONNEETINC 
'1L6408 ELEMENTS (RUB ELEMENTS) ( I F  M Y  I .  
.,I..bb1C FOLLOblNC PMTSJCAL COWllfCTlMC ELEI€NTSt PGINTSt ANI DIRECTIONS- 
6156811 NUMBER NUMBER NUMBER D l R E C T l G N  
dlibV18 + 1 i7o.e 
i i i 6 w o  e m v s i c n L  CONNECTING ELEMENT FORCES AfiE MITTEN ONTG THE PLOT FILE =DR ~ r ( i  
c ~ ; 0 7 w  OELEMENT POINT DIRECTION 
1 2 
r'1;730Q i 6 
filii480 j le 1 5 
6157548 3 !e 'I 
ili7090 4 13 1 
3127'1e ITOThL'NUMBER OF ELEMENTSt POINTS, AND DiRrCTiONS FOR ELElEN' C G H i i  PLOT 
o i n e o e  FILE OUTP?IT= b 
6127911 ISUMMARI OF THE CONNECTIONS BETYEEN THE PHVSlCAL CONkECTINC ELEMU-F 
a i 2 ~ 0 0  AND THE n o m  s u B w s i E n s -  
01a100  
8 1 is200 
Jl i8304 ELEMENT i IS CONNECTFD TO SUES'I:TEM i a i  POINT 3 
Jl ib400 ELEMENT 1 IS CONNECWJ T O  SUBSVSTEM 2 AT POINT 3 
8li8SOO ELEMENT 1 IS CONNECTED TO SUBSISTER 4 A T  POINT Id 
8liSCOO ELEMENT 1 IS CONNECTED T O  SUBSYSTEM 5 AT POINT 19 
4li8700 ELEMENT 2 IS CONNECTED TO SUBSYSTER 1 AT POINT 6 
Olt8800 ELEMENT t I S  CCNNECTED TO SUBSVSTER 2 A T  POINT 6 
0128910 ELEMENT Z IS CONNECTED T O  SUBSVSTEM 4 AT POINT 13 
6129111 CLERENT 3 IS CONNECTED TO SUDSYSTEM 4 I)T POINT I #  
dl29301 ELEMENT 4 I S  CONMCTED TO SUBSYSTEM 4 AT POINT 13 
i+1;7,-ee : 3 V di17ioe I 
e m ~ o  ELEMENT t IS COMCTED TO SUDSYSTEM s a i  POINT 13 
iw9zoo  ELEMENT 3 Is CONNECTED TO SUBSYSTEM s nt POINT 10 
o i m o o  ELEMENT 4 is CONNECTED TO SUDIYSTEM s A i  P o I w  1 3  
8129500 1SUBNART OF TME CYRO LQID LOCATIONS ON TnE MODAL SUBSVSTEMS- 
Fl 29600 
415v701 
4129910 POINT 1 OF SUBSYSTEll 2 IS A CTRO LOAD LOCATION 
#I38000 POINT 7 OF SUBSISTEH I IS A CYRO LOAD LOCATION 
o m ~ e 4  POINT 1 OF SUBSYSTEM i IS a GYRO LOAD LOCAPION 
e i m e o  POINT 7 oc SUBEVSTEM t IS 1 GYRO LOAD L o c a i I o N  
TIHf* O.HIO000 SECONDS 
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Table 1. Two-Rotor Model with FBD, I n p u t  and Output.  (Continued) 
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Table 1. Two-Rotor Model with FBD,  Input and Output. (Continued) 
.'!::;@@ E FORCES CONTRIBUTED BV THE SUOSVSTEN NODE SHAPES 
8POINlS ON P V L W  kND POIUTS Y O T Q N  MO'JAL SUBSTSTEMS EXCLUDED) 
x Y z T M T l - I  intin-v r i m n - z  
PDUNDS POUNDS POUNDS IN-LB IN-LB IN-LB 
0.00. 
e. 100 
0 .  o n  
0 .  o n  
B . @ U  
0.#80 
0 .  .IO 
9 .  .IC 
I. we 
0.000 
0 .  n o  
..HI 













I. n o  
o . n o  
0.000 
0.000 
0 .  o n  
0. o n  
1.009 
0 .  001 
..OH 
0 . 0 ~  
0.000 
4.O.Q c.000 . .ne  0 .  #or C .  QPv 
e.  ICC d . 0@# I. IO# ..H# 8.0IO P . B M  
3 . m  21. eo* 0 .  n o  ..HI 0 .  000 d .  I d r  
;.i.1,7 . .. ._ 3  9.000 0 .  060 #.HI 0.000 0 .  000 Q .  a i r  
, .. : .. 3 ,1.: . . . o  Q . .e# 0 9 0.0 0 .  000 0 .  ##O 0 .  ore e. Bd? 
, I . : -  . .-, ?$ .?TkE Fi'LLGUlhC IS FOR THE LOCAL POINTS ON FBI) NUMBER 1- 
. . - : *+  
_. . -r.? :: 
.... 
' ELEMECT POINT x 
1 YJNOEH END MUlrPER POUNDS 
I I 3 O.#OO 
1 .I 10 0 .  n o  
I 6 0 .  000 
I J 13 0 .  010 
I 3 I 10 0.000 , 3 J 31 0.H. 
4 1 13 0 * 0.1 
4 J 32 . .on 
eTnE CIROSCOPIC FORCES KTIMC ON TME noronts) nm- 
0 POLAR NmENT r- lKlS 
POlNT ROTOR OF I N t R T l O  IMNENT 
NUMDER NUNBER LO-lN442 IN-LO 
I 
1 t 1002.5. ..om 

















0 .  o n  
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ORIWAL PAGE $5 
OF POOR QIIALIIY 











1 Q  
: 1  
!i 
1 3  
14 _ _  $ 7  
1 t. 
:7  
I P  











I. I 0 J  










o . 0 1 ~  
e.  008 
B . os0 
~45:dd ZF-EI IBLE BLADEU Df3h RClTOh SDEEtx 2400. RPR 
*14568B FLEXIBLE BLADED DISK NUWEER 1 BETI) FACTORS 1.OOB 
,145718 dGENERlLfZEt 
.4145EQ1 LOORDINITE GENERALIZED CENERALIZED CENERALIZED 
1145C81 NUMBER DfSPLACEWENT UELOClTV FORCE 
d l  46611 
d l  4b I C8 
d I 4 b S 8  
1463QB 
-41 I t  460 
3 1 4 t c O C  
14t ta 
~ 1 4 c : d w  
r14c&01 












































0 .  0H0.0~0 




0 ,  0oooHIo 
0 .  OOHCOOO 
e.oooooeoe 
T I M E  
0 .  00*808 
0 .  oowo0 
0.00MOO 
0 .  OOOOCd 
..001<.*c e. 0 0 0 ~ 0 0  
0 .  00.~00 
0 .  oo~oeo 
0 .  * O O O ~ O  
0.000000 
0 .  oonoo 
0.00000' 
1 . O H O b m  
0 .  OHIH 
0.000n0 
8 .  H O O O O  
1. 00.~00 
0 .  OHOW 
e. o e o m  
a. onooo 












0.1 .  
0.w. 
0. a00 
0 .1 .  
0.110 
1.10. 
0.1 .  
0.000 
o . a o  
SECONDS 








V . V 7 H * O Z  
e. ei  ~ E + O Z  
1.35*E+Y3 
3.*0VE*O3 
















2 .e1 ~ E + O S  
I .?dtE*Ob 











P . EddE*OB 
6.100E*C8 
e.? 1 3 E - l ~  
4 . ~ ! Y E + a l  
3.59EEld 1 
D.OPOE~10 
0 .  OOBE*OC 
8.4 13E+00 
4.2 1YE.O I 
3. SPOE*Ol 
0.08H40 










































-0.0102~3 0 . r m n  
-0.2S9bb2 ..MU00 





O . l U 7 a Z  0.- 
..moo00 0 . w O . u  
0 . m m  0 . n m r  
0 . n 9 m  0 . r m n  
- o . m z r s  
-0 .  w 3 0  1 
-0 .W34b  
-0. @OS4 18 






0 .  om 144 
0.00Sli3 
0 . o u . n  
e . o o u n  
o . n z o i v  





O R I W A L  PAGE fS 
OF POOR QUALITY 
Table 1. Two-Rotor Model v i t h  FBD, Input and Output. (Continued) 
FORCES COYTRIBUTEG BI T t S  SUISiLTin -5  .. . - .  .... td i. 
(POINTS ON PVLON YID POINTS WT 01 *JKTSTEMS EICLUMG) 
i4 l l i r  C . ? i N T  I 1 2 T)(ETL-X T M T l -  1 HETh-7. 
4Wd hJ)r5'ES P3lIN)rM POUNDS PDWDS IN-LB I N - L I  IN-LB 
i54iii : 9.00, -r.433 ll.0iB ..om -59.4~8 17.35; 
1:;52d : 9 . w  -0.44.. 11.003 0 . W  -177.4b5 13.13i 
z . w  -0.403 lr.35i 0.000 -4m.946 4.326 
.:.:.:ne a r . m  0.139 - I  3. zev 0 . m  -SV6.46? -1.7i? 
*.MI L510 -13.892 0.- -323.269 ?..It. 
J.?ar 0.445 - 13.434 0 . m  -47.54z 10.445 
J.WE ..HI O . m  0 . w .  O . w  ..HI? 
a .  iraa -ZZ.i?9 -23.127 O.m 31.439 -;c. 9: 4 
E . ? H  -30.241 -39.203 O . W  322.489 -WP.VTd 
9 . u 4  -10.538 4. ov5 0 . W  1043.331 -1OP;.I9S 
41.545 44. b40 0.000 b35.734 -604.I30 
11.975 10.004 0.- -119.134 37.27; 
e.  101) a.000 0.m 0.- 0.- *.a+ 
. : x 2 > :  : .. . . L  
*.*a# -4.997 -7.4.v I . -  -1lr.548 ~ ~ . a = 7  
THE L U E K  ?OlNTS aY FID M S R  I -  
iwwm LXIlu STRESS STRESS STfiESS 
t*ibPL*iEI(ENT D1SPLKE)IONT S l W i  S I W ;  SlCR)o3 
Ll IYCWES v INCrnS P S I  P S I  P S I  
e . H n o o w  r.wo00107 11. 4. i. 
8.0lWflb 0.00000749 h .  9. 1. 
0 . ~ 6 2 C  0.00002I93 19. 25. 3. 
I. -1 253 0 .  00003% 13. 6 .  1. 
O.dW054S6 0.000#7752 0 .  0. 0 .  
8.oOw.88: r.W113129 5 b .  x5. 4. 
O.HW6177 O.WII0024 0. a. 0. 
. . i l 'W? i.TdE FORCE: M A T  THE T I Y E  S PMTSICAL CONNECTlhC ELEMENTS iUNCOUPLED P h I N T  
.-lZTs+a 3PCiNC-DLWEK ELEMNTS)  EXERT Ow T + E  ENGINE COMPONENTS OR GROLIND W E -  
'157W6 d FORCE I N  GIVEN D l R € d I i : G h  
dI5590C E L E I H W  POINT x 7 I TWETA- f 
<'l:&IOJ %UnBER END W B E R  POUNDS POUNDS P W t I D b  IN-L€ 
Z'58i.P 
I 3 9 . o u  -7.333 4.613 a.m9 
dl58310 
* 1504.c 
I J .* O . m  7.339 -4.b23 * . O M  
I b r . m  11.4b7 # . e x  0 .  #I 
i 15ESO@ 
J 13 O . m  -1 I .4&7 -0.8ii * . O M  
.' 1 10 0.m 28.114 -27.159 0.060 
rlf97C0 
i.155PW 
dlSb900 3 I 31 0.000 -28.114 27.159 0.w. 
ir 1 590.4 4 I 13 0.m -1 3.737 S.DV1 O . m  
a 1SPlCI 4 J 32 O . m  13.737 -5.091 0. @OS 
ClS9200 OTwE CTROSCOPIC FORCES K'iW ON THE ROTDR(S) &RE- 
Pl594W POINT ROTW OF INERTIA WREN? rl0lyNT 
9159501 W 8 E R  NWIBEH LB-IN. . i  IN-LB I N - L B  
2155tr1 i 
e159300 0 P O L W  Wo1ENT 1-axis z-ails 
0159600 
0159700 
OlS9900 7 1 
0 1 5 ~ 8 0 0  I I 104205. -34.4b4 -zr.seo 





NP = Number of ( g l o b a l  p o i n t ,  g l o b a l  d i r e c t i o n )  p a i r s  f o r  which d a t a  is  
w r i t t e n  to t h e  p l o t  f i l e  
NL1 = Number of l o c a l  p o i n t s  on f l e x i b l e  bladed d i s k  Number 1 f o r  which 
d a t a  is w r i t t e n  t o  t h e  p l o t  f i l e  
NL2 = Number of l o c a l  p o i n t s  on f l e x i b l e  bladed d i s k  Number 2 €or vhich 
d a t a  is  w r i t t e n  t o  t h e  p l o t  f i l e  
NRE = Number of Type 3 phys ica l  connect ing elements  ( r u b  elements) €or 
which d a t a  is w r i t t e n  t o  t h e  p l o t  f i l e  
NEL = Number of (element number, g l o b a l  po in t  number, g l o b a l  d i r e c t i o n  
number) t r i a d s  €or which d a t a  i s  w r i t t e n  to t h e  p l o t  f i l e  
NUHT = Number of t i m e  s t e p s  €or which d a t a  i s  w r i t t e n  t o  t h e  p l o t  f i l e  
IPLOTi = Global po in t  number €or t h e  i - th  ( g l o b a l  p o i n t ,  g l o b a l  d i r e c t i o n )  
p a i r  for which d a t a  is w r i t t e n  to  t h e  p l o t  f i l e  
IDPLOTi = Global d i r e c t i o n  number €or t h e  i - t h  ( g l o b a l  p o i n t ,  g l o b a l  d i r e c t i o n  
p a i r  €or which d a t a  is  w r i t t e n  to t h e  p l o t  f i l e  
XPT;,YPTi,ZPT; - x, y, and z c o o r d i n a t e s  ( g l o b a l  system) r e s p e c t i v e l y  €or t h e  
i - t h  ( g l o b a l  p o i n t ,  g l o b a l  d i r e c t i o n )  p a i r  €or which d a t a  is  w r i t t e n  
t o  t h e  p l o t  f i l e  
LFBDli = Local p o i n t  number on f l e x i b l e  bladed d i s k  Number 1 f o r  t h e  i - t h  
l o c a l  po in t  €or which d a t a  is  w r i t t e n  t o  t h e  p l o t  f i l e  
R F B D l i  = Radius r ( i n c h e s )  on € l e x i b l e  bladed d i s k  Number 1 €or t h e  i - t h  
l o c a l  p o i n t  €or which d a t a  i s  w r i t t e n  t o  t h e  p l o t  f i l e  
A F B D l i  = Angle [ (deg rees )  on f l e x i b l e  bladed d i s k  Number 1 for t h e  i - t h  
l o c a l  po in t  €or which d a t a  i s  w r i t t e n  t o  t h e  p l o t  f i l e  
LFBDZi = Local po in t  number on f l e x i b l e  bladed d i s k  Number 2 f o r  t h e  i - t h  
l o c a l  po in t  €or which d a t a  i s  w r i t t e n  t o  t h e  p l o t  f i l e  
RFBDZ; = Radius r ( i n c h e s )  cn f l e x i b i e  bladed d i s k  Number 2 f o r  t h e  i - t h  
l o c a l  point  for  which d a t a  is w r i t t e n  t o  t h e  p l o t  f i l e  
AFBDP; = Angle C (deg rees )  on f l e x i b l e  bladed d i s k  Number 2 for t h e  i - t h  
l o c a l  po in t  f o r  which d a t a  is  r r i t t e n  t o  t h e  p l o t  f i l e  
ILEM3i = E l m e n t  number for t h e  i - t h  Type 3 phys ica l  connect ing element ( r u b  
el ? n t )  for  which d a t a  i s  w r i t t e n  t o  the  p l o t  f i l e  
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IPT; 










X i  
E L ;  
FMODi 
PSL1; 
= Element number f o r  t h e  i - t h  phys i ca l  connect ing element or gyro 
element f o r  which d a t a  i s  w r i t t e n  t o  t h e  p l o t  f i l e  
= Global po in t  number f o r  the  i - th  phys i ca l  connect ing element o r  
gyro element f o r  which d a t a  is w r i t t e n  t o  t h e  p l o t  f i l e  
= Global d i r e c t i o n  number f o r  t h e  i - t h  phys i ca l  connect ing element 
or gyro element f o r  which d a t a  is  w r i t t e n  t o  t h e  p l o t  f i l e  
= Time (seconds)  
= Independent r o t o r  speed (rpm) 
= Dependent r o t o r  speed (rpm) 
= Independent r o t o r  a n g u l a r  displacement  ( r e v o l u t i o n s )  
= Dependent r o t o r  angu la r  displacement ( r e v o l u t i o n s  
= General ized displacement  p for  f l e x i b l e  bladed d i s k  Number 1 
= General ized displacement  q f o r  f l e x i b l e  bladed d i s k  H m b e r l  
= Gelieralized displacement p for f l e x i b l e  bladed d i s k  Nmber 2 
= General ized displacement q for f l e x i b l e  bladed d i s k  Number 2 
= Displacement ( i n c h e s  or r a d i a n s )  f o r  t h e  i - th  ( g l o b a l  p o i n t ,  
g loba l  d i r e c t i o n )  p a i r  
= Veloc i ty  ( inches l second  or r ad ians / second)  for t h e  i - th  ( g l o b a l  
p o i n t ,  g l o b a l  d i r e c t i o n )  p a i r  
= Modal f o r c e  ( i b  or in- lb)  f o r  t h e  i - th  ( g l o b a l  p o i n t ,  g l o b a l  
d i r e c t  ion)  p a i r  
= Angle JI (deg rees )  for t h e  i - th  l o c a l  p o i n t  on f lexib bladed 
d i s k  Number 1 
UDISPli = Displacement u ( i n c h e s )  f o r  the  i - t h  l o c a l  p o i n t  on f l e x i b l e  bladed 
d i s k  Number 1 
VDLSPli = Displacement v ( i n c h e s )  fo r  the  i - th  l o c a l  po in t  on f l e x i b l e  bladed 
d i s k  Numi e r  1 
SlFSDli = 01 stress ( p s i )  for t h e  i - th  l o c a l  po in t  on f l e x i b l e  bladed d i s k  
Number 1 
S2FBD1; = 02  stress ( p s i )  for t h e  i - t h  l o c a l  po in t  on f l e x i b l e  hladed d i sk  
Number 1 
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S3FBD1; = a3 stress ( p s i )  €or t h e  i - t h  local po in t  on f l e x i b l e  bladed d i s k  
Number 1 
PSI2i = Angle I, (deg rees )  for t h e  i - t h  l o c a l  po in t  on f l e x i b l e  bladed d i s k  
Number 1 
UDISP2i = Displacement u ( i n c h e s )  €or t h e  i - t h  local p o i n t  on f l e x i b l e  bladed 
d i s k  Number 2 
VDISPZi = Displacement v ( i n c h e s )  f o r  t h e  i - th  local po in t  on f l e x i b l e  bladed 
d i s k  Number 2 
SlFBD2i = u 1  stress ( p s i )  f o r  t h e  i - t h  l o c a l  p o i n t  on f l e x i b l e  bladed d i s k  
Nmber 2 
SZFBD2; = 02 stress ( p s i )  f o r  t h e  i - t h  local po in t  on f l e x i b l e  bladed d i s k  
Number 2 
S3FBD2i = 03 stress ( p s i )  f o r  t h e  i - t h  l o c a l  po in t  on f l e x i b l e  bladed d i s k  
Number 2 
= R e l a t i v e  displacement magnitude ( i n c h e s )  €or t h e  i - t h  Type 3 physi- 
c a l  connect ing element ( r u b  element 1 
CLFARi = Clearance ( i n c h e s )  for t h e  i - th  Type 3 phys ica l  connect ing element 
( rub  element)  
FHAGi = Force magnitude (pounds) f o r  t h e  i - t h  Type 3 phys ica l  connec t ing  
element ( r u b  element)  
FELEMi = Force ( l b  or in- lb)  for t h e  i - r h  (element number, g l o b a l  p o i n t  
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Mfl {W€12 + 2 (8fl - 1)) 
Mfl {%12 + 2 (Of1 - 1)) 
M f 2  {Wf22 + 0 2 ( B f 2  - 1)) 
M f 2  {Wf,’ + n 2 (Bf2 - 1)) 
J 
Generalized 
Damp i ng 
Matrix 
( Diagona 1 E Lement s 
(ZC) = 
Note: 8 > 0 

















FBL) Center  of Gravi ty  Mode Shape D e f i n i t i o n s  -- 
$vi = V e r t i c a l  plane t r a n s l a t i o n  mode shape i t h  mode 
&i = V e r t i c a l  plane s lope  mode shape i t h  mode 
4 H i  = Horizonta l  plane t r a n s l a t i o n  mode shape i t h  mode 
+Ai = Horizonta l  p lane  s lope  mode shape i t h  mode 
( 
( 
11 r e f e r s  t o  FBD Number 1 
)2  refers t o  FBD Number 2 
I f  t h e  FBl) (s )  are a t t ached  t o  Rotor 1: 
I f  t h e  FBD(s) are a t t ached  t o  Rotor 2: 
where : 
S l (  \,j,k) = Subsystem 1 (Rotor 1 v e r t i c a l  plane)  mode shape fo r  l o c a l  mode 
i, l o c a l  po in t  j ,  l o c a l  d i r e c t i o n  k 
S 2 ( i , j , k )  = Subsystem 2 (Rotor 1 h o r i z o n t a l  p lane)  mode shape f o r  l o c a l  mode 
i, l o c a l  po in t  j ,  l o c a l  d i r e c t i o n  k 
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S 4 ( i , j , k )  = Subsystem 4 (Rotor  2 v e r t i c a l  p lane)  -de shape for l o c a l  mode i, 
l o c a l  po in t  j ,  l o c a l  d i r e c t i o n  k 
S 5 ( i , j , k )  = Subsystem 5 (Rc to r  2 h o r i z o n t a l  p lane)  mode shape for l o c a l  mode i, 
l o c a l  po in t  j, l o c a l  d i r e c t i o n  k 
tiv = Local po in t  number for t h e  c e n t e r  of g r a v i t y  of FBD Number 1 i n  the  
r o t o r  v e r t i c a l  p lane  qubsystem which inc ludes  FBD No. 1. 
L ~ H  * Local point  number €or t h e  c e n t e r  cf g r a v i t y  of FBD Number 1 i n  the  
r o t o r  v e r t i c a l  plan subsystem which inc ludes  FBD No. 1. 
Lpv = Local po in t  number for  t h e  c e n t e r  of g r a v i t y  of FBD Number 2 i n  the  
r o t o r  v e r t i c a l  p lane  subsystem which inc ludes  FBD No. 2 .  
$ 2 ~  Local po in t  number €or t h e  c e n t e r  of g r a v i t y  of FBD Number 2 i n  t he  
r o t o r  h o r i z o n t a l  plane subsystem which inc ludes  FBD No. 2 .  
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Genera l ized  Forces Due t o  Gyroscopic Loading f o r  t h e  
FBD Center  of Grav i ty  Points 
\ 
The p h y s i c a l  v e l o c i t i e r  are: 
, S u b r o u t i n e  
CURRT 
Vert i c a l  
P l a n e  





?he g e n r a l i t e d  f o r c e s  a r e :  
V e r t i c a l  P lane  FZi * (Mt+ii) + 
H o r i z o n t a l  P l a n e  F - (M + I . )  + (H e ' . )  
1 2 
y j  HJ 2 HJ 
Pl  
. I  F -20 SvY phys)l  - mflql 
F - -2Q S v i ' p h y s )  + m f l i 1  
FBD Number 1 
q l  1 
FBD Number 2 - 1  F * -20 SvY phys)2  - m f 2 q 2  
F -20 S v i l p h y s )  + mf2p2 
P2 
q2 2 
S u b r o u t i n e  
FORCE 
S u b r o u t i n e  
CEN 
7 5  
5 . 6  EQUATIONS AND SYMBOLS USED IN TETRA -- 
The following are the equations and a descriptior of the symbols used in 
the computer coding of the FBD calculations in TETRA. 
These matrix equations are developed in Section 2.0. Note that only the 
rotor-FBD equations are formed into matrix equations since only these contain 
the nondiagonal mass matrix. 
right-hand side, are treated numerically as vectors in the mass matrix inverse 
mu 1 t ipl ic at ion. 
The subsystem connecting forces, being on the 
T E T U  Matrix Eauation 
LZAI = IFgen - ZK Z - ZC ZV]  
where 
[ Z A ]  = Generalized acceleration matrix 
[ F I M I - ~  = Inverse of mass matrix 
Fgen = Generalized force 
ZK = Generalized stiffness 
Z = Generalized displacement 
ZC = Generalized damping 
zv = Generalized velocity 
The generalized FBD module's equations are given in matrix form below. 
Note that the "Vertical" and I'Horizontalll equilibrium equations are added to 
the rotor [which contains the FBD(s) 1 equations. 
5 . 7  OVERALL PROCIKNl STRUCTURE 
The revised computer program consists of the main routine plus 36 sub- 
routines.  A brief description of each of the 36 subroutines is given in 
Teble 2 .  A structure chart showing the hierarchy of the program and sub- 
routines i s  given in Figure 11. Finall-, a condensed f!ow chart of the 
entire program is given in Figure 12. 
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Table 2 .  TETRA Subroutines. 
INIT 




















Initializes variables and arrays 
Processes data for the modal subsystems 
Processes data for the flexible modal subsystems 
Finds flexlble subsystem mode shapes 
Processes data for the rigid body modal subsystems 
Computes rigid body mode shapes 
Processes data for the FBD modal subsystems 
Processes data for the local points on the FBD's 
Processes data for the physical connecting elements 
Processes spring-damper (Type 1) physical connecting element data 
Processes link-damper (Type 2 )  physical connecting elercent data 
Processes rub (Type 3) physical connecting element data 
Processes engine support-links (Type 4 )  physical connecting element 
data 
Processes data for the uncoupled point spring-damper (Type 5 )  physi- 
cal connecting element 
Computes stiffness matrix for engine support element 
Comptites stiffness matrix for link elements that are to be combined 
with engine support element 
Matrix inversi.on and determinant calculation f o r  the engine support- 
links (Type 4) physical connecting element and the FBD-rotor mass 
matrix 
Matrix multiplication f o r  the engine support-links (Type 4) physical 
connecting element 
Processes unbalance load data 
Processes Pcos wt and Psin wt ioad data 
Processes force-time history load data 
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B U F I O  
Processes  gyroscopic  load d a t a  
Processes  d a t a  fo r  the  FED'S and the  r o t o r  Lo which they a r e  a t tached  
Computes the  mass mat r ix  for t h e  FBD's and the  r o t o r  t o  which they 
are a t t ached  
Processes  d a t a  f o r  ou tput  p l o t  f i l e  
Es t ab l i shes  element/subsystem connect ions  
T i m e  i n t e g r a t i o n  loop 
Ca lcu la t e s  r o t o r  p r o p e r t i e s  (speed,  a c c e l e r a t i o n ,  and angular  d i s -  
p l  aceme n t 1 
Computes c u r r e n t  phys i ca l  d i s p l a a m e n t s ,  v e l o c i t i e s ,  and modal f o r c e s  
Computes displacements  and stresses for t h e  l o c a l  p o i n t s  on the  FBD's 
Computes phys ica l  con,iecting elemenL and gyro element f o r c e s  
Computes appl ied  f o r c e s  
Computes gene ra l i zed  fo rces  
Finds the  mode sha.-es 
Computes the  gene ra l i zed  displacements  
P r i n t s  a t  least  a p a r t i a l .  l i s t i n g  of the  output  p l a t  f i l e  

















Procew DItr for IYod.lSub8yshm 
(SUBSYS, FLEXSS. FLEX, RBODSS, RBODY, FBDSS. FEOL) 
L 
P- FBD-Rotor Dab 
(FBD, MASSM. LINV3F) 
Promr Conn.ctlng Llomont Input 
(ELEMI, ELEki2, ELEMS. ELEMI. ELEMS, STIFFE, STlFFT, LINVS, YATY 
TIME = TIME +A TIME L-T-J 
I 
I 
Call FBDDS to Calculate FBO Dispkemts md S t m w r  I '  I I 
Call GEN to Calculate the Generalized Forces : Call GEKDIS to Update the OecHrdlred Diqlacen ants 
FINAL TIME? 
Tlme Integration Loop 
(Subroutine TILOOP) 
Figure 12. TETRA F1owc;iart. 
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5.8  NASTRAN/TETKA INTERFACE PROGRAM 
The NASTRAN/TFTKA i n t e r f a c e  computer program h a s  a l s o  been i n s t a l l e d  on 
t h e  IBM compi t e r  whicii f ron t -ends  t h e  CRAY-1 Computer a t  NASA L e w i s  Research 
Certer. T h i s  i n t e r f a c e  program g e n e r a t e s  modal subsystem i n p u t  f o r  TETRA f o r  
t h e  f l e x i b l e  modal subsystems ( c a n  g e n e r a t e  modal subsystem inpu t  f o r  Subsystem 
1, 2, 4 ,  5 ,  7 ,  8 ,  or  1 0 ) .  Tine prc-cdure  u s e d  i s  as  fo l lows .  
F i r s t ,  a NASTRAN r u n  i s  made on t h e  CRAY-1 computer ,  and t h e  NASTRAN o u t -  
pu t  f i l e  is  s e n t  back and s q w d  011 t h e  IBM computer .  The i n t e r f a c e  program 
must read and a h t a i n  daza  "om t h e  NASTWW o u t p u t  f i l e  t h a t  i t  r e e d s  t o  gen- 
erate t h e  TETRA i n p u t .  
A :'ROCUEF named nUNNT was gene ra t ed  t o  make i t  e a s i e r  t o  run  t h e  i n t e r f a c e  
program. ( I f  you d o n ' i  know what a PROCDEF is, see t h e  370 Use;'s Guide Manual 
p. 102 or t h e  Command Systems User's Guide S e c t i o n  4 ) .  
supp ly  t h e  PROCDEF name (RUNLT) fo l lowed by t h e  NASTHAN o u t p u t  f i l e  name and 
t h e  TETtiA modal subsys tem i n p u t  f i l e  name as shown i n  F i g u r e  13. Then, t h e  
i n t e r f a c e  program asks a series of  q u e s t i o n s  a t  the t e r m i n a l  which t h e  u s e r  
n u s t  answer ( s e e  F i g u r e  141, Both t h e  h o r i z o n t a l  p l ane  and t h e  v e r t i c a l  p l a n e  
subsystem i n p u t  can  be g e n e r a t e d  i n  t h e  same i n t e r f a c e  program run as w a s  done 
i n  F igu re  14 (Subsystem 7 = case v e r t i c a l  p l a n e  and Subsystem 8 = case h o r i -  
z o n t a l  p l a n e ) .  The r e s u l t i n g  TETRA i n p u t  f i l e  which i q c l u d e s  t h e  modal sub- 
sys tem i n p u t  for  Subsystems 7 and 8 i s  shown i n  F i g u r e  i 5 .  
The u s e r  need o n l y  
The s o u r c e  f o r  t h e  hASTkAN/TLTRA i n t e r f a c e  program i s  saved i n  a f i l e  
named SOURCE.NASTET c n  t h e  IBEl system. 
Procedure  t o  Run TETRA Computer Program 
The TETRA inpu t  f i l e  must c o n s i s t  o f  CRAY J C L  s t a t e m e n t s ,  z LIST' name- 
l i s t  s e c t i o n ,  one or more LIST2 namelist s e c t i o n s ,  z e r o  or more bIdr7 qame- 
l i s t  s e c t i o n s ,  and a LIST4 n a m e l i s t  s e c t i o n  i n  o r d e r  ( s e e  F i g u r t s  16 and 17) .  
The J C L  s t a t e m e n t s  t h a t  must be a t  t h e  f r o n t  o f  t h e  i n p u t  f i l e  a;c -tiown i n  
F igu re  18 a l o n g  wi th  a b r i e f  e x p l a n a t i o n  f o r  each  s t a t e m e n t .  
Usual ly  ' t  is  easiest  t o  g e n e r a t e  s e p a r a t e  f i l e s  f o r  d i f f e r e n t  portions 
o f  t h e  TETRA i n p u t  and then  merge t h e s e  f i l e s  t o g e t h e r .  Oft,n .he modal sub- 
systein (LIST2) i n p u t  can be gene ra t ed  a u t o w a t i c a l l y  u s i n g  t h e  K'.ST.PAF/TETRA 
i n t e r f a c e  program. 
t h r e e  t imes  - on 2 t o  g e n e r a t e  t h e  t h e  modai subsystem inpu t  f o r  t h e  low pres-  
s u r e  r o t o r  system, a g a i n  t o  g e n e r a t e  t h e  modal subsystem ir,pt.L f o r  t h e  h igh  
p r e s s u r e  r o t o r  system, and a g a i n  t o  g e t  t h e  modal subsy-cem i n p u t  f o r  t h e  
eng ine  cAsing. The three mod?: subsystr .n  f i l e s  t h u s  gerIeraL+.d would then  have 
t o  be merged w i t h  t h e  3 t h e r  f i l e s  t h a t  t h e  u s e r  typed i n  by hand c o n t a i n i n g  
t h e  CKAY JCL s t a t e m e n t s  and t h e  LIST1, LIST3, and L l S T 4  i n p u t .  The procedure  
f o r  merping t h e  f i l es  i n t o  one i n p u t  f i l e  i s  shorn  i n  F igu re  19. 
The NASTRAN/TETRA i n t e r f a c e  program might have t o  be  run 
A PkUCDEl named TOCKAY was gene ra t ed  t o  makc. it e a s i e r  t o  submit  t h e  i n p u t  
The. 
f i l e  t o  t h e  CRAY t o  run.  
User's Guide Manual - 
user need o n i j  typr  
f i l e  name a s  shown i i i  Figure  19. 
( I f  you don ' t  know what a PkOCDEF is ,  see t h e  370 
192 or t h e  Cornand Systems U s e r ' s  Guide S e c t i o n  4 j .  
.he  PROCUEF name (TOCKAY) fol lowed by t h e  T E T M  i n p u t  
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1) Tm in: 
RUNKT f i le1,f 1 le2 
where fllel - NASTRAW output file nane 
and f ile2 = TETRA subsystem lmut f lle nane 
2) lm in  onsuers to  westions fran the computer 
F i g u r e  13 .  Procedure to Run NASTRANiTETRA Interface Program. 
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RUNNT PRMCASE, F29. DATA 
. .. .. . . . .  - - n n y .  . .  ~ 
Figure 14. NASTRAN/TETRA Interface FLogram Run. 
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Figure 15. NASTRAN Generated Modal Input F i l e  for Subsystems 7 and 8 .  
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1. CRAY JCL Statements 
2. LIST1 Namelist Section tone such section) 
Tme A and B imut  sheets 
3, LIST2 Nanelist Section (one for each modal 
subsystem) TYW C - 1  through C-12 
imut  sheets, 
4. LIST3 Nanelist Seciion (one for each physical 
connecting element) 
TYW D-1 through H-2 inDut shxts,  
5. LIST4 Nanel ist  Section (one such section) 
Type I through TYW P-2 imut  sheets 
Figure 16. Input Order. 
a5 
E x m l e :  Set UD for a ruc with four modal subsystems 
and two physical connecting elements. 
v 


































































































































































































































































































































































































































































































































1) Run NAS'TRAHITETRA lnterface wonran os often os 
necessary to obtoin subsystem (LIST21 lmut, 
2) RanolnlnO lmut nust be tmd in and saved. 
3) krge  t e t h e r  the files contolnlw the TETRA lmut 
into one lmut f l l e  os per the follonlng txmle: 
EDIT JCL 
B 
L a  Llsn 
B 
m LIST A 
B 
u# LIST 2B 
B 




E l  f i l e  containing CRAY JCL 
I LISTl 1 f i le  cmtalnim LISTl lmut 
ILIST~A~ f i le containing  LIST^ (subsystem) lmut 
# .r a a 
f i le  contolnlns L I S 1 3  ond LIST4 lmut 
4) T Y O ~  the followlno to submit the run to the CRAY cmuter: 
TKRAY FIUlAM 
Figure 19. Procedure t o  Prepare TETRA Input F i l e .  
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6.0 E3 STKUCTURAL MODELING 
6.1 INTRODUCTION 
An engine s t r u c t u r a l  model r ep resen t ing  t h e  E3/ICLS h a s  been assembled 
t h a t  can be analyzed with t h e  TETRA program f o r  engine t r a n s i e n t  response.  
The TETRA model i nc ludes  s i x  subsystems; LP r o t o r  v e r t i c a l  and h o r i z o n t a l ,  HP 
r o t o r  v e r t i c a l  and h o r i z o n t a l  and s t a t i c  s t r u c t u r e  v e r t i c a l  and h o r i z o n t a l .  A 
t o t a l  of 100 modes have been included, extending from the  r i g i d  body modes t o  
approximately 20 times the  low r o t o r  maximum speed. 
assembled with f i v e  connecting elements t h a t  r ep resen t  the f i v e  main engine 
bear ings.  One rub element i s  included r e p r e s e n t i n g  an a d d i t i o n a l  load path 
between the fan r o t o r  and containment c a s e  t h a t  becomes a c t i v e  when the rela- 
t i v e  displacement exceeds a spec i f i ed  clearance.  The model i s  de f ined  so t h a t  
a d d i t i o n a l  rub elements can be e a s i l y  added a t  12 o t h e r  r o t o r / s t a t o r  l o c a t i o n s  
and a t  one r o t o r f r o t o r  l o c a t i o n .  Gyroscopic e f f e c t s  a r e  included i n  both the  
LP and HP r o t o r  subsystems. 
r o t o r  speed r e l a t i o n s h i p  i s  based on s e a  l e v e l  s t a t i c  s tandard day c y c l e  deck 
d a t a .  Steady-state  test runs of t he  TETRA model have been made on the Honeywell 
computer a t  t he  General E l e c t r i c  Company i n  Evendale, Ohio. P re l imina ry  
r e s u l t s  from t h e s e  tes t  runs i n  the  time domain c o r r e l a t e  well with r e s u l t s  
from the  b a s e l i n e  dynamic analyses conducted i n  t h e  frequency domain. 
f o r e ,  t h i s  TETRA model provides NASA w i t h  the  c a p a c i t y  t o  exp lo re  the  range of  
c a p a b i l i t i e s  of  t h e  TETRA program as w e l l  a s  d e f i n e  i t s  l i m i t a t i o n s .  
These subsystems are 
The polynomial which d e f i n e s  the LP r o t o r  t o  HP 
There- 
The purpose of t h i s  r e p o r t  is t o  d e s c r i b e  how t h e  E3/ICLS engine was 
modeled, broken down i n t o  subsystems and connecting elements and then  reas- 
sembled i n t o  the  TETRA model. The ICLS conf igu ra t ion  shown i n  Figure 20 h a s  
been chosen f o r  t h i s  p r o j e c t  s i n c e  i t  r e p r e s e n t s  t h e  engine system t h a t  w i l l  
be a c t u a l l y  t e s t e d .  
6.2 ASSEMBLED PLANAR MODEL DESCRIPTION AND LP SYNCHRONOUS FREQUENCY 
RESPONSE CHARACTERISTICS -
The General E l e c t r i c  Company-developed VAST computer rcgram (Reference 1 )  
was used t o  d e f i n e  a planar  system dynamics model of t he  E t; /ICLS engine,  and 
t o  gene ra t e  the a s soc ia t ed  modal d a t a .  
Prohl-Myklestad method which addresses  t o  the  branched lcad pa ths  found i n  
r e a l  engine s t r u c t u r e s  and assumes the motion t o  be axisymmetric. The program 
includes bending, shear  deformation, r o t a r y  i n e r t i a  and gyroscopic e f f e c t s .  
It computes and p r i n t s  out  the system naLural f r equenc ie s ,  displacements ,  
r o t a t i o n s ,  loads and moments f o r  each normal mode, t oge the r  with the p o t e n t i a l  
( s t r a i n )  and k i n e t i c  energy d i s t r i b u t i o n s  i n  the va r ious  components. Post- 
processors t o  the VAST progrL are used t o  compute the forced s t eady- s th t e  
combined modes frequency response f o r  any point  in  the engine system model. 
The purpose of t h i s  s e c t i o n  of the r e p o r t  is t o  d e s c r i b e  how t h e  assembled 



























engine s t r u c t u r e  was modeled, sunmarize the elast ic-mass da ta ,  and t o  de f ine  
the assemhled system c r i t i c a l  speeds along with the  frequency response charac- 
t e r i s t i c s .  
Figure 21 is  a drawing of t h e  E3/ICLS engine system modeled fo r  t h i s  
p r o j e c t .  Figures 22  and 20 i l l u s t r a t e  the VAST model i n  schematic form. The 
major engine components a r e  i d e n t i f i e d  i n  Figure 22. 
span, j o i n t ,  and sp r ing  numbers and  d e f i n e s  the  boundary c o n d i t i o n s  a t  a l l  
j o i n t s .  Note t h a t  the inlet  bellmouth and fan exhaust nozzle  shown i n  the 
engine drawing are  not included i n  the schematics s i n c e  these  components a r e  
not s t r u c t u r a l l y  coupled t o  t h e  main engine system. 
Figure 23 shows the VAST 
The VAST model was generated with the  General E l e c t r i c  Company-developed 
preprocessor  VEGA. VEGA inpu t  r e p r e s e n t s  the geometry, i .e.  l eng ths ,  r a d i i ,  
th icknesses  as w e l l  as the  m a t e r i a l  p r o p e r t i e s ,  r equ i r ed  t o  d e f i n e  VAST 
elast ic-mass input d a t a .  VEGA and VAST input a r e  both def ined i n  t h i s  r e p o r t  
t o  provide a comprehensive exp lana t ion  of the s t r u c t u r a l  element physical  
p r o p e r t i e s .  
VEGA L i s t i n g  
The VEGA l i s t i n g  i s  contained i n  Sect ion 7 . 1 .  Two types of elements are 
used t o  d e f i n e  VEGA i n p u t ,  s p r i n g s  and spans,  which are connected a t  j o i n t s .  
The schematic i l l u s t r a t e d  i n  Figure 23 i d e n t i f i e s  t5e spans,  s p r i n g s  and 
j o i n t s .  
t he  VEGA L i s t i n g .  The f i r s t  column i d e n t i f i e s  the sp r ing  number. Columns 2 ,  
3, and 4 d e f i n e  the f i r s t  end connection of the  sp r ing .  The second column 
i d e n t i f i e s  the j o i n t  numb1;r and t h e  t h i r d  column i d e n t i f i e s  the span number t o  
which the  f i r s t  end of t he  s p r i n g  i s  connected. Columns 5 ,  6,  and 7 d e f i n e  
the  second end connection of t he  sp r ing .  The f i f t h  column i d e n t i f i e s  the j o i n t  
number and the  s i x t h  column i d e n t i f i e s  the span number t o  which the second end 
of the sp r ing  is connected. Columns 4 and 7 d e f i n e  bcundary cond i t ions  a t  the 
sp r ing  connection ends. Type 1 sp r ing  boundary c o n d i t i o n  i n d i c a t e s  t h a t  both 
s h e x  and moment w i l l  be t r ansmi t t ed  while  Type 2 t r ansmi t s  on ly  shear .  Zeros 
i n  Columns 2 and 3 or 5 and 6 i n  p l ace  of j o i n t  and span numbers i n d i c a t e  a 
connection t o  ground. The e i g h t h  column d e f i n e s  the  c o e f f i c i e n t  type t o  be 
used, 0 f o r  f l e x i b i l i t y  o r  1 for s t i f f n e s s .  Columns 9-12 d e f i n e  the f l e x i b i l -  
i t y  c o e f f i c i e n t s  o r  s t i f f n e s s  c o e f f i c i e n t s .  
Spring p r o p e r t i e s  a r e  def ined i n  the upper h a l f  of t he  f i r s t  page of 
For f l e x i b i l i c y :  
PHIM +M r a d f i n - l b  = r o t a t i o n  due t o  u n i t  moment 
PHIV +v r a d / l b  r o t p t i o n  due t o  u n i t  fo rce  
ETAM = % i n f i n - l b  = d e f l e c t i o n  .due t o  u n i t  moment 
ETAV = q~ i n / l b  = d e f l e c t i o n  due t o  u n i t  fo rce  
The t h i r t e e n t h  column i n d i c a t e s  the a x i a l  o f f s e t  of t he  sp r ing  element.. 
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The segmented span d a t a  f o r  a l l  30 spans follows the sp r ing  inpu t .  
L i s t ed  i n  the  heading of each span shee t  are the r o t o r  speed and t h e  ratio of 
r o t o r  speed t o  frequency o f  v i b r a t i o n .  The speeds shown are f o r  LP synchron- 
ous v i b r a t i o n  a t  FPS growth cond i t ions .  
of v i b r a t i o n  is used t o  introduce gyroscopic e f f e c t s  i n  the v i b r a t i o n  model. 
This r a t i o  is  ze ro  f o r  a l l  spans r ep resen t ing  nonro ta t ing  components such as 
the  casing and bear ing suppor t s ,  and i s  nonzero f o r  a l l  spans r ep resen t ing  
r o t o r  s y s t e m s .  The r o t o r  speed i s  not required i n  c r i t i c a l  Erequency ca l cu la -  
t i o n s  but is used f o r  gyro maneuver c a l c u l a t i o n s .  Also l i s t e d  i n  the  heading 
are the span number i d e n t i f i c a t i o n ,  j o i n t  numbers i d e n t i f y i n g  each end of t he  
span and boundary c o n d i t i o n s  a t  each end of  t he  span. 
cond i t ion  i n d i c a t e s  t h a t  t h e  end is  f ixed t o  another  span and both shear  and 
moment a r e  t r ansmi t t ed  through the  j o i n t .  Pinned boundary c o n d i t i o n  i n d i c a t e s  
one of t h ree  cond i t ions ;  ( 1 )  a Cree end, ( 2 )  pinned connection t o  another span 
t r ansmi t t i ng  only s h e a r ,  or ( 3 )  connection t o  a sp r ing  where the spr ing bound- 
a r y  c o n d i t i o n  a p p l i e s .  
s t a t i o n  number. The i n t e r v a l  length l i s t e d  i n  the second c o l m n  g i v e s  the 
length of each s t a t i o n - t o - s t a t i o n  segment i n  inches.  Four element types 
(Column 3 )  are used to d e f i n e  i n t e r v a l  p r o p e r t i e s  l i s t e d  i n  Columns 4-10; 
The r a t i o  of  r o t o r  speed t o  frequency 
Contincious boundary 
Column 1 i d e n t i f i e s  each segment of  t h e  span with a 
a.  Element Type 2 i s  a massless sp r ing  where Columns 4-7 i d e n t i f y  
e i t h e r  f l e x i b i l i t y  c o e f f i c i e n t s  (0 ic Column 8) o r  s t i f f n e s s  c o e f f i -  




Column 7 ETA(V) = nv i n / l b  d e f l e c t i o n  due t o  u n i t  force 
PHI(M) = $H r ad / in - lb  
PHI(V) = $V r a d / l b  = r o t a t i o n  due to  u n i t  fo rce  
ETA(M) = % i n / in - lb  = d e f l e c t i o n  due t o  u n i t  moment 
r o t a t i o n  due to  u n i t  moment 
b. Element Type 3 is a cone used t o  model t h i n  wall s h e l l  elements 
using a membrane a n a l y s i s ,  
Column 4 E = e l a s t i c  modulus ( p s i  x 
Column 5 G = shea r  modulus ( p s i  x 
Column 6 P m a t e r i a l  weight d e n s i t y  ( l b / i n 3 )  





ti-1 = wall th i ckness  a t  l e f t  end ( i n c h e s )  
r i  = mean r a d i u s  of  w a l l  a t  r i g h t  end ( inches )  
t i  = w a l l  t h i ckness  a t  r i g h t  end ( i n c h e s )  
c .  Element Type 4 i s  a uniform weight c y l i n d r i c a l  beam, 
Column 4 
Column 5 G shea r  modulus ( p s i  x 
E = e l a s t i c  modulus ( p s i  x 
Column 6 p = material weight d e n s i t y  ( l b / i n 3 )  
Column 7 
Column 8 
ro = o u t s i d e  r a d i u s  of  c y l i n d r i c a l  s e c t i o n  ( inches )  
t = wall t h i c k n e s s  of c y l i n d r i c a l  s e c t i o n  ( inches )  
t l .  Element Type 5 is  a uniform weight r i g i d  c y l i n d r i c a l  beam with input 
e x a c t l y  t h e  same as f o r  Element Type 4 (except t h a t  t he  va lues  f o r  E 
and G are z r b i t r a r y ) .  
The material d a t a  i n d i c a t i n g  metal temperature 2nd material name i s  an 
op t ion  used f o r  s e l e c t i n g  material p r o p e r t i e s  l i s t e d  i n  Columns 4, 5 and 6. 
Weight p r o p e r t i e s  are l i s t e d  i n  the  t h r e e  columns t o  t h e  extreme r i g h t ;  po la r  
weight moment of i n e r t i a  (1b-in2) ,  weight ( l b s . ) ,  and t r a n s v e r s e  o r  r o t a r y  
weight moment of i n e r t i a  ( lb - in2 ) .  
taken about t he  axis of r e v o l u t i o n  of  t h e  body tthile the t r a n s v e r s e  weight 
moment of  i n e r t i a  is  about any a x i s  normal t o  t h e  a x i s  of  r e v o l u t i o n  normal to 
the  plane of t h e  s t a t i o n  a x i a l  coord ina te .  Weight p r o p e r t i e s  of  element Types 
3,  4 and 5 are computed by VEGA f o r  the VAST input  and are t h e r e f o r e  not 
incllided i n  the VEGA weight p rope r ty  l i s t i n g .  The summary a t  the bottom of  
each span l i s t i n g  a l s o  excludes i n t e r n a l l y  c m p u t e d  weight p r o p e r t i e s .  Weight 
p r o p e r t i e s  which are i n  the  VEGA l i s t i n g  inc lude  a l l  weights not c a l c u l a t e d  by 
VEGA. These include weight p r o p e r t i e s  f o r  frames, bea r ings ,  d i s k s ,  b l ades ,  
vanes and a l l  n o n s t r u c t u r a l  components. 
The polar weight moment of i n e r t i a  is  
VAST L i s t i n g  
Mass-elastic d a t a  from t h e  VAST l i s t i n g  i s  contained i n  Sec t ion  7 .2 .  This 
Spring d a t a  and boundary cond i t ions  d a t a  is for t h e  segmented span components. 
a r e  descr ibed i n  d e t a i l  w i th in  the  VEGA l i s t i n g .  
i d e n t i f i e d  by a s t a t i o n  number and inc ludes  a massless i n t e r v a l  length f o r  
which the f l e x i b i l i t y  i s  de f ined  and a point  mass f o r  which weight p r o p e r t i e s  
are de f ined .  The program computes s tepping o r  t r a n s f e r  m a t r i c e s  f o r  each 
segment and performs a p rogres s ive  m u l t i p l i c a t i o n  a c r o s s  each span t o  ob ta in  
equi l ibr ium and c o m p a t i b i l i t y  equa t ions  which are then combined with boundary 
cond i t ion  equat ions t o  form dynamic equat ions f o r  the complete system. A solu- 
t i o n  f o r  the n a t u r a l  f requencies  is  obtained by c a l c u l a t i n g  t h e  determinant of 
the c o e f f i c i e n t s  of  t he  computed equatiorls and t h e  minimums are searched out  
to determine the n a t u r a l  f r equenc ie s .  Once the minimums are ob ta ined ,  t h e  
mode shapes are computed. 
Each segment of  a span is 
96 
Lis t ed  i n  the heading of each span shee t  a r e  the  r o t o r  speed and t h e  
The r a t i o  of r o t o r  
r a t i o  of  r o t o r  speed t o  frequency of v i b r a t i o n .  Tie speeds shovn correspond 
t o  LP synchronous v i b r a t i o n  a t  FPS growth c o n d i t i a n s .  
speed t o  frequency of  v i b r a t i o n  i s  used t o  introduce gyroscopic e f f e c t s  i n  the 
v i b r a t i o n  model. Th i s  r a t i o  i s  zero f o r  a l l  .:pans r ep resen t ing  nonro ta t ing  
components s w h  as the cas ing  and bear ing suppor t s ,  and is  nonzero f o r  a l l  
spans r ep resen t ing  r o t o r  systems.  The r o t o r  speed is  not required i n  c r i t i c a l  
frequency c a l c u l a t i o n s  but is used f o r  gyro loading maneuver c a l c u l a t i o n s .  
Following the  s t a t i o n  number (Column 1)  i s  the i n t e r v a l  length (Column 2 )  
which g i v e s  the length of each s t a t i o n - t o - s t a t i o n  segment in  inches.  Column 7 
is  an i n d i c a t o r  t h a t  i n d i c a t e s  whether t he  segment f l e x i b i l i t y  i s  def ined with 
beam o r  sp r ing  p r o p e r t i e s .  I f  Column 7 i s  1, then Columns 3-6 g ive  the 
t e n s i l e  modulus E l b / i n 2 ,  t he  bending a r e a  moment of i n e r t i a  I in4, t h e  
shear  modulus G l b / i n 2 ,  and t h e  shea r  area A i n2 ,  r e s p e c t i v e l y .  I f  Colum~. 
7 is 2 ,  then Columns 3-6 g ive  the  f l e x i b i l i t y  c o e f f i c i e n t s  f o r  the segment 
as follows: 
PHI(M) rad/ in- lb  = r o t a t i o n  due t o  u n i t  moment 
PHI(F) r a d / l b  = r o t a t i o n  due t o  u n i t  fo rce  
ETA(M) i n / in - lb  = d e f l e c t i o n  due t o  u n i t  moment 
ETA(F) i n / l b  = d e f l e c t i o n  due t o  u n i t  fo rce  
I f  the above f l e x i b i l i t y  c o e f f i c i e n t s  are entered as ze ro ,  t h e n  a r i g i d  seg- 
ment results. Columns 8 ,  9 ,  and 10 g ive  the weight po la r  moment of i n e r t i a  
( lb - in2 ) ,  t h e  weight ( l b . 1 ,  and t h e  weight t r a n s v e r s e  moment of iner t i t ;  
( lh- in2)  r e s p e c t i v e l y ,  which a r e  lumped a t  the indicated s t a t i o n .  
stress r a t i o  va lues  a r e  used f o r  including the  e f f e c t  of shear  deformation and 
do not apply when f l e x i b i l i t y  input i s  used. 
The shear- 
VAST Solu t ion  
R e s u l t s  from t h e  VAST frequency domain a n a l y s i s  a r e  included h e r e i n  t o  
provide background information t h a t  may h e l p  e v a l u a t e  the TETRA t i m e  domain 
s o l u t i o n .  LP synchronous c r i t i c a l  f r equenc ie s  with the undamped mode shapes 
and energy d i s t r i b u t i o n  c h a r a c t e r i s t i c s  are summarized i n  Figures  24 through 
31. 
undeflected s o l i d  l i n e .  Details of the energy d i s t r i b u t i o n  a r e  contained i n  
Sect ion 7.3. Combined modes frequency response c h a r a c t e r i s t i c s  a r e  i l l u s -  
t r a t e d  i n  Figures  32 through 36 f o r  fan and LP t u r b i n e  unbalance. Damping f o r  
t h i s  forced response s o l u t i o n  is based on Q-factors equal t o  15 f o r  a l l  s p r i n g  
elements and a l l  s t a t i c  s t r u c t u r e  span elements and e f f e c t i v e  Q-factors equal  
t o  -41.60 f o r  the co re  r o t o r  span elements. 
Modal d e f l e c t i o n s  are ind ica t ed  by the  broken l i n e  and referenced t o  t h e  
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E f f e c t i v e  Q-factor  QEQ = -- 
w 1 - 7  
4 
w = Rota t iona l  Speed 4 = Frequency o f  V ib ra t ion  
6.3 TETRA MO; 9L SUBSYSTEMS AND CONNECTING ELEMEWS 
The b a s e l i n e  VAST model vas broken down i n t o  t h r e e  subsystems and f i v e  
connecting elements plus  one rub element a s  shown i n  Figure 37. Spans 1-10 
from the  b a s e l i n e  VAST model were used t o  gene ra t e  t h e  LP Rotor subsystem. 
Figure 38 i l l u s t r a t e s  t h i s  subsystem simply supported with 100 l b / i n .  s p r i n g s  
( sp r ing  numbers 1 and 5). 
end cond i t ions .  Spans 11 - 14 from t h e  b a s e l i n e  VAST model were used t o  
gene ra t e  the W Rator subsystem. Span Numbers 11 - 14 were changed t o  1-4 as 
required by t h e  VAST convention. Figure 39 i l lust rates  the HP Rotor subsystem 
simply suppcrted with 100 l b i i n .  s p r i n g s  ( sp r ing  Numbers 3 and 4). Spans 
15-30 from the b a s e l i n e  VAST model were used along with e x t e r n a l  Springs 51, 
52, 53, 81, 91, 101 and 102 t o  gene ra t e  the s t a t i c  s t r u c t u r e  subsystem. The 
span numbers were changed from 15-30 to  1-16 as required for the VAST conven- 
t i o n .  
sp r ings  ( s p r i n g  Numbers 101 and 102) t o  represeat the engine mount system. 
Figure 40 i l lust rates  the static s t r u c t u r e  subsystem. Gyroscopic s t i f f e n i n g  
vas d e l e t e d  from both r o t o r  subsystem models s i n c e  the TETRA progrinn addres ses  
gyroscopic s t i f f e n i n g  as d i s c r e t e  input .  
The s o f t  s p r i n g s  were used t o  s imula t e  f r ee - f r ee  
S t a t i c  s t r u c t u r e  subsystem suppor t s  were modeled as 100,000 l b / i n .  
The VAST program was used t o  compute c r i t i c a l  speeds for each subsystem 
from t he  r i g i d  body modes up ' t o  about twenty t i m e s  t h e  low r o t o r  m a x i m u n  
speed. Mode shapes and energy d i s t r i b u t i o n  ( p o t e n t i a l  and k i n e t i c )  were coat- 
puted for each c r i t i c a l  speed. 'Ihe c r i t i c a l  speeds are l i s t e d  i n  Table 3 and 
the  undamped mode shapes are i l l u s t r a t e d  i n  Figures  41 through 56.  Modal 
d e f l e c t i o n s  are ind ica t ed  by t h e  broken l i n e  and referenced t o  t h e  undeflected 
s o l i d  l i n e .  Maximum d e f l e c t i o n  po in t  is ind ica t ed  by &MAX, and a l l  o t h e r  
d e f l e c t i o n s  a r e  p l o t t e d  r e l a t i v e  t o  t h i s  po in t .  However, s i n c e  the  span 
lengths  are not i l l u s t r a t e d  e x a c t l y  t o  s c a l e ,  changes i n  s lope  a r e  on ly  PCCU- 
rate for i nd iv idua l  spans but not between spans a t  the j o i n t s .  
( h t r e c t e r i s t i c s  of  t he  physical  connecting elements are summarized i n  
Table 4 .  
main engine bea r ings  which assemble the s i x  subsystems i n t o  the complete 
engine sys tem.  Radial st iffnesses i i s t e d  for Bearings 1, 2 and 5 are based on 
a n a l y s i s  along with CF6 experience and t e s t i n g  s i n c e  the  ICLS bea r ings  are 
s i m i l a r  t o  those used i n  the CF6. Radial s t i f f n e s s e s  f o r  bea r ings  3 and 4 
represent  t he  bea r ings  i n  s e r i e s  with c e n t e r i n g  s p r i n g s  which are used to  
i s o l a t e  c o r e  ro to r  v i b r a t i o n .  
r a t e s  a r e  used a t  both ends of t he  co re  r o t o r .  S q u i r r e l  cage s t i f f n e s s e s  were 
determined using a f i n i t e  element a n a l y s i s .  
s t i f f n e s s  is  1,000,000 l b / i n .  and t h e  Number 4 bear ing r a d i a l  s t i f f n e s s  is  
Uncoupled po in t  spring-damper elements (Type 5 )  r ep resen t  the f i v e  
S q u i r r e l  cages with 300,000 i b / i n  r a d i a l  s p r i n g  












No. 1 Bearing 
Connecting 






No. 2 Bearing 
Connecting Element 
No. 4 Bearing 
Connecting Element 
Figure 37. Subsystems and Connecting Elements. 
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Figure 38. EEE-ICLS LP Rotor Subsystem for TETRA. 
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Figure 39. EEE-ICLS Core Rotor Subsystem for TETRA. 
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Table 3. Suksystem Critical Speeds.  
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ICLS max speed  = 3311 rpm 
FPS growth mdx speed = 4100 rpm 
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Figure 41. EEE-ICTS LP Rotor Subsystem for TETRA. 
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Figure 4 3 .  EEE-ICLS LP Rotor Subsystem f o r  TETRA. 
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Figure 47. EEE-ICLS Static Structure Subsystem for TETRA. 
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Figure 4 8 .  EEE-ICLS Stat ic  Structure Subsystem for TEIXA. 
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Figure 4 9 .  EEE-ICLS Stat ic  Structure Subsystem for TETRA. 
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Figure 50. EEE-ICLS S ta t i c  Structure Subsystem for TETRA. 
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Figure 51. EEE-ICLS S t a t i c  S truc ture  Subsystem for TETRA. 
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Figure 52.  EEE-ZCLS Static Structure Subsystem for TETRA. 
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Figure 53 .  EEE-ICLS S t a t i c  Structure Subsystem for TETRA. 
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Figure 54. EEE-XCLS S t a t i c  S t r x t u r e  Subsystem for TETRA. 
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Figure 55. EbE-ICLS Static Structure Subsystem for T E T R A .  
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Figure 56 .  EEE-ICLS Static Structure Subsystem f o r  TETRA. 
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1,460,000 l b / i n .  as d e r i v e d  through ana::rsis and CF6 e x p e r i e n c e  and t e s t i n g .  
The b e a r i n g  damping i s  d e f i n e d  * . i a  a s p e c i f i e d  Q- fac to r  and f reouency  p a i r .  
TETRA u s e s  t h i s  d a t a  t o  c a l c u l a t e  t h e  e q u i v a l e n t  v i s c o u s  danping coef  f i c i e r t  
f o r  s h e a r  a s  fo l lows :  
k LB-SEC c = damping c o e f f i c i e n t  =: -  2 fQ I N .  
I n  t h i s  e x p r e s s i o n ,  k i 
qnency (CYC?ES/SEC). 
55.2 Hz which co r re sponds  t o  3311 rpm, t h e  maximum f a n  speed f o r  ICLS. I t  
w i l l  be noted  t h a t  t h e  TETRA node l  h a s  been  set up t o  obta i , i  a s o l u t i o n  a t  a 
f a n  speed of  3311 rpm. The Q-fac tor  f o r  normal unbalance  is  equa l  ta 15 and 
f o r  b l adeou t  c o n d i t i o n s  i t  i s  e q u a l  t o  7.5. These v a l u e s  a r e  c o n s i s t a n t  w i t h  
l a r g e  t u r b o f a n  expe r i ence .  
t h e  b e a r i n g  s p r i n g  rate ( l b / i n . ) ,  and f i s  t h e  f r e -  
Table  4 shows t h a t  t h e  f requency  s e l e c t e d  is equa l  t o  
The connec t ion  p o i n t s  are r e p r e s e n t e d  by p h y s i c a l  p o i n t s  on the  sab- 
sys tems to  which t h e  connec t ing  e l emen t s  are a t t a c h e d ,  r e s u l t i n g  i n  a teas- 
sembled system. F i g u r e  57 i l l u s t r a t e s  t h e  reassembled sys tem and i d e n t i f i e s  
t h e  TETRA p h y s i c a l  p o i n t  numhers. 
squeeze f i l m  damper l o c a t e d  a t  t h e  Number 3 b e b r i n g  s i n c e  t h i s  TETRA model is 
se t  up t o  e v a l u a t e  LP unbald,.ce and damper-system s o l u t i o n s  have o n l y  been 
ob ta ined  f o r  c o r e  r o t o r  unbalance .  
No damping i s  inc luded  t o  account  f o r  the 
I'he c a p a b i l i t y  t o  ana lyze  t h e  e f f e c t s  a f  aecondary load  p a i h s  due  t o  
ro to r - case  and r o t o r - r o t o r  rubs  i s  one of t h e  TETRA program? pr imary f s s t u r z s .  
One rub  e lement  has  heea  inc luded  i n  t h e  TETRA model t h a t  accoun t s  f o r  fdn  
b l a d e  rubs  wi th  t h e  containment  c a s e .  
Connect ing Element)  is i d e n t i f i e d  as connec t ing  element  Numbe- 6 i n  Table  4. 
Based on s t e a d y - s t a t e  dynamic a n a l y s e s  i n  the  f requency  domoii. thaL have been 
performed for  t u r b o f a n  eng ines  w i t h  l a r g e  r o t o r  unbalance  due to  f a n  b l ade  
l o s s ,  a c a s i n g  o v a l i z a t i o n  s t i f f n e s s  of  1 ,000,000 l b / i n .  appea r s  to  g i v e  
r easonab le  agreement wiLh test d a t a .  The rub element  dumping coeffi='.eriL is 
equa l  t o  z e r o  based on t h e  T e s t  Veh ic l e  TETRA b ladeou t  a n a l y s i s  stid t e s t  d a t a  
c o r r e l a t  ion conducted i n  Reference  2 .  Radia l  c l e a r a n c e  between t h e  b l a d e  and 
s t r u c t u r a l  c a s i n g  is r e p r e s e n t e d  by t h e  dead band,  whi-ch i s  the  s t r u c t i l r a l  
c l e a r a n c e  ove r  which IX load  i s  t r a n s m i t t e d .  A dead band o f  250 m i l s  is 
i n d i c a t e d  i n  Tabie 4 whicii represent f i  t h e  s t r u c t u r a l  c l e a r a n c e  ( n o t  f lowpath 
c l e a r a n c e  between b l a d e  t i p  and a b r a d a b l e  rub m a t e r i a l )  f o r  t h e  FPS d e s i g n .  
The FPS c l e a r a n c e  i s  r e fe renced  h e r e  s i n c e  t h e  ICLS s t r u c t u r a l  c l e a r a n c e  i s  
between 2.05 inches  a t  t h e  b l a d e  l e a d i n g  edge and 1.70 inches  a t  t h e  t r a i l i n g  
edge. Th i s  l a r g e  s t r u c t u r a l  c l e a r a n c e  i s  t h e  r e s u l t  of a s l a v e  n o n f l i g h t  
d e s i g n  f o r  t h e  ICLS t e s t  program t h a t  u t i l i z e s  a wood-lined CF6 containment  
c a s e .  The TETRA model h a s  been  d e f i n e d  t o  maximize t h e  number of rub  e l emen t s  
t h a t  can be added. P h y s i c a l  po in ts  e x i s t  on the  c a s e  which are a d j a c e n t  to  
eve ry  r o t o r  p h y s i c a l  p o i n t .  Table  5 d e s c r i b e s  a l t e r n a t e  rub elements t h a t  can  
be added t o  t h e  TETRA model. F igu re  57 i l l u s t r a t e s  t h e  connec t ion  p o i n t  
o r i e n t a t  ion i n  the  TETRA model. 



















Table 5 .  Alternate Rub Element. 
HP Compressor Stage 3 
HP Campressor Stage 5 
HP Compressor S t a g e  7 
HP Compressor Stage 10 
CDP Sea l  
HP Turbine Stage 1 
HP Turbine Stage 2 
LP Turbine Stage 1 
LP Turbine Stage 3 
LP Turbine Stage 5 
Mid LP Shaft  w/Ccre Rotor 
Connection Po int s  5 and 16 are  a x i a l l y  misa l igned 
by 4 .262  inches  
* 
- 
(Type 3 Phys ica l  Connecting Element) 
































6 .4  ASSEMBLED TETRA INPUT DESCRIPTION 
The TETRA model was generated using t h e  subsystem modal d a t a  and physical  
connecting elements desc r ibed  i n  Sect ion 6.3 of t h i s  r e p o r t .  
d e f i n e s  t h e  assembled TETRA laode1 inpu t ,  which is l i s t e d  i n  Sec t ion  7.4 and is 
a l s o  provided as punched cards .  
This s e c t i o n  
The g loba l  coordinate  system was e s t a b l i s h e d  such t h a t  a l l  a x i a l  coor- 
d i n a t e s  match e y i n e  s t a t i o n s  as  referenced on drawings and i n  r e p o r t s  per- 
t a i n i n g  t o  the  E Program. 
i n  inches forward t o  a f t  ( l e f t  to  r i g h t )  and t h e  TETRA g loba l  coord ina te  system 
i n  posit ive-forward ( r i g h t  to l e f t )  i n  the a x i a l  d i r e c t i o n ,  the axial g loba l  
coord ina te s  include negat ive s i g n s  (-1. A l l  Y ( h o r i z o n t a l )  and 2 ( v e r t i c a l )  
coord ina te s  are equa l  t o  ze ro  s i n c e  the X axis goes through the  engine center- 
l i n e  and no physical  p o i n t s  are loca ted  o f f  t he  model subsystems. Figure 58 
r e f e r e n c e s  t h e  engine systew with the global coord ina te  system. 
However, s i n c e  the  engine s t a t i o n s  are i d e n t i f i e d  
A t o t a l  of 37 phys ica l  p o i n t s  have been i d e n t i f i e d  on the m o d a l  subsys- 
This inclwies  t h e  maximma of 10 p o i n t s  on each r o t o r  subsystem, and tems. 
17 on the s ta t ic  s t r u c t u r e  m o d e l  subsystem. 
physical  po in t  l o c a t i o n s  and show t h e  span and s t a t i o n  numbers corresponding 
t o  the VAST subsystem models. me physical  point l o c a t i o n s  are also i l l u s -  
t r a t e d  i n  Figure 57. Physical  p o i n t s  provide for assembly of t h e  subsystems 
through physical  connecting elements. Coordinates,  displacements  and veloci-  
ties are computed a t  the physical  p o i n t s  by t h e  TETRA progrclm. 
Tables 6 and 7 i d e n t i f y  t h e  
The TETRA l i s t i n g  i s  s tandard FORTRAN n l rae l i s t  input  with l ine  numbers 
i n  t h e  extreme l e f t  hand c o l m n .  I d e n t i f y i n g  input is contained i n  Lines  90 
through 140. Subsystem modal d a t a  f o r  a l l  100 nodes is  i n  Lines 150 through 
17200. Hodel subsystem Number 1 (ISUB = 1)  is the  LP r o t o r  v e r t i c a l  plane 
and mcdel subsystem Number 2 (ISUB * 2 )  is the LP rotor h o r i z o n t a l .  Lines 150 
through 2010 r ep resen t  subsystem Number I and subsystem Number 2 i s  repre- 
sented by Lines 2020 through 3880. 
system and Lines 180 through 310 e s t a b l i s h  the g l o b a l  coord ina te  system and 
physical  p o i n t s  f o r  the LP r o t o r  subsystem. Lines 320 through 460 (XMODES = ) 
i d e n t i f y  t h e  modes; frequencv (rpm) is i n  t h e  f i r s t  column, p o t e n t i a l  energy 
i s  i n  the second c o l m n  and the  Q-factor i s  i n  the t h i r d  column. The Q-factor 
is  equal  t o  zero ( a  Q-factor set t o  zero is  a f l a g  t h a t  sets the damping t o  
zero)  €or the LP r o t o r  modes s i n c e  t h i s  model i s  set up f o r  a LP synchronous 
run. The f o r t h  colimn i d e n t i f i e s  the mode type; r i g i d  body modes = 1, and 
f l e x i b l e  modes = 0. Lines 470 through 2010 d e f i n e  t h e  a c t u a l  mode shapes. 
Each grodp VH(l,l,N) = 
l i n e s  v i t h i n  each group s p e c i f y  a l o c a l  point  number. 
i n  the same order  as the  c r i t i c a l  speed l i s t i n g  above i n  Lines 330 through 
460 .  The 10 local  p o i n t s  a t e  i n  the same o rde r  as dofined i n  Lines  220 
through 310 (PTS = 1. Model d a t a  i s  def ined i n  four  columns. Column one 
is  the modal t r a n s l a t i o n ,  colunn two is t he  s lope ,  colmn t h ree  is the shear  
fo rce  .ind column four is the bending moment. Modal subsystem Number 2 is  
d e f i n e i  by lines 2020 through 3880. Line 2040 sets ISUB = 2 s i g n i f y i n g  the  
ho r i zon ta l  d i r e c t i o n  LP r o t o r  subsystem thereas l i n e  170 s e t s  ISUB = 1 f o r  the 
Lines 16C and 170 i d e n t i f y  t h e  modal sub- 
of 1'. l i n e s  d e f i n e  a local mode and each of t h e  10 
The "VH" groups appear 
1 36 
0 
Figure 58. TETRA Global Coordinate System. 
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Table 6 .  TETRA Point  I d e n t i f i c a t i o n .  
LP Rotor Subsystem Point  Nlrbers  1-10 
Core Rotor Subsystem Poin t  Nmbers 11-20 





























No. 1 Erg. Connection 
No. 2 Brg. Connection 
Hid LP Shaft  
No. 4 Brg. Connection 
No. 5 Btg. Connection 
LP Turbine Rotor 1 
LP Turbine Rotor 3 
LP Turbine Rotor 5 
No. 3 Brg. Connection 
HP Compressor Rotor 1 
HP Compressor Rotor 3 
HP CocPpressor Rotor 5 
HP Compressor Rotor 7 
HP Compressor Rotor 10 
CDP Seal  
HP Turbine Rcltor 1 
HP Turbine Rotor 2 




S t a t i o a  t imber  
1, 12 
1, 21  
2, 10 
5 ,  1 
7, 1 










2,  18 
2, 24 
4, 1 
4 ,  14 
4 ,  25 
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LP Rotor  Subsystem P o i n t  Numbers 1-10 
Core Rotor Subsystem P o i n t  Numbers ! 1-20 
S t a t i c  S t r u c t u r e  Subsystem P o i n t  Numbers 21-37 
Fan Case @ Fan Rotor 1 15,  16 
7,  14 HP C a p .  Case @ Rotor  1 
HP Comp. Case @ Rotor 3 
HP Cmp. Case @ Rotor 5 8, 16 
Sooster I s l a n d  @ Ro:or I 6,  8 
8, 6 
HP C m p  Case @ Rotor  7 9, 7 
HP C a p .  Case @ Rotor 10 9 ,  21 
HP 'Purb. Case @ Rotor 1 11, 11 
i P  Turb. Case @ R o c o r  1 12, 4 
LP Turb. Case @ Rotor  3 12, 14 
No. 1 Brg. Connect ion 4, 1 
No. 2 Brg. Connect ion 2, 1 
No. 3 Brg. Connect ion 3, 7 
No. 5 Brg. Connect ion 5 ,  1 
I 
CDP S e a l  10, 6 
HP Turb. Case @ R o t o r  2 11, 17 
LP Turb. Case @ R o t o r  5 12, 23 
TETRA P o i n t  
Nutuber I Desc r i  pt  i o n  
Corresponding VAST 
Subsystem Span, 
S t a t i o n  Nmber 
I A l l  s t a t i c  s t r u c t u r e  T?lTRA p o i n t s  are a x i a l l y  a l i g n e d  wi th  cor responding  r o t o r  TETRA p o i n t s .  I 
139 
v e r t i c a l  d i r e c t i o n  LP r o t o r  subsystem. 
iuput for modal subsystem Number 2 i s  e x a c t l y  t h e  same as the input desc r ibed  
f o r  modal subsystem Nmber 1. 
Since the LP r o t o r  is symee t r i ca l ,  the 
The input d e s c r i p t i o n  con t inues  with m o d a l  subsystem data f o r  the core 
r o t o r .  "his input is  i n  e x a c t l y  t h e  same format as previoualy descr ibed i n  
the I 2  r o t o r  modal subsystem d i scuss ion .  Lines 3890 through 5150 list the  
input d a t a  f o r  m o d a l  subsystem Number 4 (ISuB 4 1 ,  the c o r e  r o t o r  v e r t i c a l  
plane. 
through 4050 e s t a b l i s h  the global coord ina te  system and physical  p o i n t s  f o r  
the co re  r o t o r  subsystem. Lines  4060 through 4150 (XnODES = 1 i d e n t i f y  
the  modes. The Q-factor is nonzero t o  r e f l e c t  t h e  nonsynchronous v i b r a t i o n  
induced by LP r o t o r  unbalance. Recall, t h i s  TETRA d e l  is set up for LP 
synchronous v i b r a t i o n .  
Lines 3900 and 3910 i d e n t i f y  t h e  m o d a l  subsystem and l i n e s  3920 
Q 
1 
+ 1 - 7  
%Q = E f f e c t i v e  Q-fac t o r  
where 
Q = 1OC Rotor S t r u c t u r a l  Dmping 
u = 12875.9 rpm Rota t iona l  Speed 
+ = 3311.2 r p  Frequency of  V ib ra t ion  
Xotor speeds are for t he  SLS Standard Day t akeof f  c o n d i t i o n  s i n c e  t h i s  is  
where the TETRA model is  set up to s t a r t  a t .  
co re  r o t o r  modal subsystem. 
d a t a .  
is  de f ined  by Lines 5160 through 6420. Line 5180 sets ISUB = 5 s i g n i f y i n g  the 
h o r i z o n t a l  d i r e c t i o n  c o r e  rotor subsystem h e r e  as Line 3910 sets ISUB = 4 f o r  
the v e r t i c a l  d i r e c t i o n  co re  r o t o r  subsystem. 
ca l ,  t h e  input  for modal subsystem Umber 5 is e x a c t l y  t h e  same as the input  
descr ibed f o r  modal subsystem Nmber 4. 
l h e r e f o r e ,  QEQ = -34.6 f o r  t he  
Modal subsystem Number 5 (ISUB = 5 1 ,  the core r o t o r  h o r i z o n t a l  plane,  
Lines  4160 through 5150 c o n t a i n  the  m o d e  shape 
Since the  c o r e  r o t o r  is symmetri- 
Modal subsystem d a t a  for  the s ta t ic  s t r u c t u r e  follows the  c o r e  r o t o r  
modal subsystem. 'his input is i n  e x a c t l y  t h e  same format as p rev ious ly  
descr ibed i n  the LP r o t o r  and co re  r o t o r  modal subsystem d i scuss ions .  Lines 
6430 througn 11810 l ist  t h e  input d a t a  f o r  modal subsystem Number 7 (ISUB = 
71, t h e  s ta t ic  s t r u c t u r e  v e r t i c a l  plane.  Lines 6440 and 6450 i d e n t i f y  t h e  
modal subsystem and l i n e s  6460 through 6660 e s t a b l i s h  the g l o b a l  coord ina te  
system and physical  p o i n t s  f o r  t he  s t a t i c  s t r u c t u r e  subsystem. Lines 6670 
through 6940 (XMODES = 
Q 15 is  r e p r e s e n t a t i v e  of t h e  damping f o r  normal unbalance i n  a l a r g e  
turbofan engine.  For high unbalance a s soc ia t ed  with b l ade  loss, Q 7 . 5  h a s  
been shown t o  r e s u l t  i n  good agreement between a n a l y s i s  and engine test d a t a .  
Note t h a t  t h e  Q-factor used for  the  s t a t i c  s t r u c t u r c  subsystem i s  the  same as 
f o r  tht. connecting elements as desc r ibed  i n  Sect ion 6 . 3 .  
11810 con ta in  the mode shape d a t a .  
s t a t i c  s t r u c t u r e  h o r i z o n t a l  plane,  i s  def ined by Lines  11820 through 17200. 
1 i d e n t i f y  t h e  modes. =.e s t r u c t u r a l  dclmping input  o f  
L ines  6950 through 
Modal subsystem Number 8 (ISUB = 81, t h e  
140 
Line 11840 sets  ISUR = 8 s i g n i f y i n g  t h e  h o r i z o n t a l  d i r e c t i o n  s t a t i c  s t r u c t u r e  
subsystem whereas Line 6450 s e t  ISUB = 7 f o r  the v e r t i c a l  d i r e c t i o n  s t a t i c  
s t r u c t u r e  subsystem. 
v e r t i c a l  and h o r i z o n t a l  planes are small, t h e  input f o r  modal subsystem Number 
8 i s  e x a c t l y  t h e  same as the input descr ibed f o r  modal subsystem N a b e r  7.  
Since d i f f e r e n c e s  i n  t h e  s t a t i c  s t r u c t u r e  between the  
Physical  connecting element input  is included i n  Lines  17210 through 
17780. C h a r a c t e r i s t i c s  o f  t he  phys ica l  connecting elements a r e  sunmarized i n  
Table 4 and descr ibed i n  d e t a i l  i n  Sec t ion  6.3 of  t h i s  r e p o r t .  This  input 
i d e n t i f i e s  the element type,  element number, phys i ca l  connecting p o i n t s ,  a long 
with the  f l e x i b i l i t y  and damping c h a r a c t e r i s t i c s .  For t h e  rub element,  t h e  
s t r u c t u r a l  c l ea rance  is  a l s o  i d e n t i f i e d .  A l t e r n a t e  rub elements can be added 
t o  the input f i l e  following Line 17780. 
Restart and t i m e  i n t e g r a t i o n  input is contained i n  Lines  17790 through 
17840. Line 17800, ISTART = 0 ,  s i g n i f i e s  a new run.  For a restart run, XSTART 
= 1 and a l i n e  must  b e  added between Lines 17800 and 17810 t o  i n d i c a t e  the 
des i r ed  restart t i m e .  The added l i n e  would be, RTIME = t h e  restart t i m e  i n  
seconds. Line 17810, DELTA = 5E-6, i n d i c a t e s  a t i m e  i n t e g r a t i o n  s t e p  s i z e  
of  5 microseconds. Se lec t ion  of  t he  proper time s t e p  s i z e  is c r u c i a l  f o r  
ob ta in ing  a c o r r e c t  s o l u t i o n .  E f f e c t  of s t e p  s i z e  i s  d i scussed  i n  Sec t ion  
6.5 of t h i s  r e p o r t .  Line 17820, TFXNAL = 0.200, s i g n i f i e s  the t i m e  i n  sec- 
onds a t  which the  t i m e  i n t e g r a t i o n  is  completed. Since t h i s  is a new r u n  
(ISTART = 01, t h e  s o l u t i o n  encompasses 0.20 second. The r e s u l t  is f o r t y  
thousand one (40,001) t i m e  s t e p s  using a s t e p  s i z e  of 5 microseconds. Line 
17830, IPRMUL = 1500, i n d i c a t e s  a p r i n t  m u l t i p l e  of  1/1500, and l i n e  17840, 
IPLMUL = 20, i n d i c a t e s  a p l o t  m u l t i p l e  of 1/20. For t h i s  i npu t ,  1/1500 of the 
t i m e  s t e p s  (26) are p r in t ed  and 1/20 of t he  t i m e  s t e p s  (2000) are p l o t t e d .  
Rotor speed and rate input  is contained i n  Lines  17850 through 17930. 
The independent r o t o r  is  e s t a b l i s h e d  as the LP r o t o r  with Line 17850, IROTI = 
1. For the  co re  r o t o r  t o  be the  independent r o t o r ,  Line 17850 would have t o  
be changed t o  IROTI * 2 .  (Q-factor damping c h a r a c t e r i s t i c s  i n  the LP r o t o r  
and core r o t o r  subsystems would a l s o  need t o  be r ev i sed . )  Line 17860, BEGTIM 
= 0 ,  and Line 17870, BEGRPM = 3311.2, d e f i n e  the  beginning t h e  (seconds) and 
the beginning speed (rpm) f o r  t h e  f i r s t  speed segment as app l i ed  t o  t h e  inde- 
pendent r o t o r .  
length (seconds) along with t h e  acce l  or dece l  rate (rpm/sec>. 
t o r y  i s  l i m i t e d  t o  10 segments which must be  en te red  i n  chronological  o rde r .  
The input shown on Line 17890 i n d i c a t e s  a s i n g l e  segment of one second dura- 
t i o n  with no a c c e l  or  decel  rate.  Lines 17900 through 17930 d e f i n e  the  poly- 
nomial c o e f f i c i e n t s  r e l a t i n g  t h e  dependent c o r e  r o t o r  speed t o  t h e  independent 
LP r o t o r  speed. Figure 59 i l l u s t r a t e s  the speed r e l a t i o n s h i p  assumed for the 
analysis .  
polynomial t o  the  d a t a  i l l u s t r a t e d .  The s o l u t i o n  y i e lded  an index of determ- 
i n a t i o n  of 0.9745 and t h e  s tandard e r r o r  of e s t i m a t e  f o r  the dependent rotor 
was 610.8 rpm. Table 8 l i s t s  the  speeds used t o  determine the polynomial 
c o e f f i c i e n t s .  These c o e f f i c i e n t s  are v a l i d  when the LP r o t o r  is the indepen- 
dent r o t o r .  
Lines 17880 and 17890 (TRHIS = d e f i n e  t h e  t i m e  segment 
This  t i m e  his-  






Table 8 .  LP Rotor V e r s u s  HP Rotor Physical  Speeds .  
Lp Rotor Speed 
N1, rpm 
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Unbalance loads  are s p e c i f i e d  i n  Lines  17940 and 17950. One unbalance 
load i s  s p e c i f i e d  i n  the  input l i s L i n g ,  Line 17950; t h e  time of b i r t h  is 0 
seconds, t h e  unbalance point  number is 1 i n d i c a t i n g  t h e  f an  r o t o r ,  t h e  magni- 
tude of t h e  unbalance i s  500 gm-in, and t h e  phase angle f o r  t h e  b i r t h  event is 
0 degrees.  A maximum o f  20 unbalance loads  c a n  be included. 
The d a t a  needed t o  d e f i n e  the gyroscopic loads are contained i n  l i n e s  
17960 through 18160. 
( lb- in2)  a t  phys i ca l  p o i n t s  on both r o t o r  subsystems. 
po la r  moments o f  i n e r t i a .  
This  d a t a  c o n s i s t s  o f  t h e  p o l a r  moments of i n e r t i a  
Table 9 summarizes t h e  
The TETRA input  f i l e  is completed by spec i fy ing  t h e  d e s i r e d  p l o t  f i l e .  
Lines 18170 through 18510 d e f i n e  the  po in t  numbers and g loba l  d i r e c t i o n  num- 
b e r s  f o r  which t h e  coord ina te s ,  displacements ,  v e l o c i t i e s  and modal f o r c e s  
are w r i t t e n  on to  t h e  p l o t  f i l e .  Lines la520 through 18760 d e f i n e  t h e  physical  
connecting element numbers, p o i n t  numbers, and g loba l  d i r e c t i o n  numbers f o r  
which the phys ica l  connecting element fo rces  are w r i t t e n  on to  t h e  p l o t  f i l e .  
Line 18770, $END, completes t he  TETRA namelis t  input  f i l e .  
6.5 TETRA TEST RUN RESULTS AND OBSERVATIONS 
A l imi t ed  number of TETRA tes t  runs were made using t h e  General p l e c t r i c  
Company, Evendale, Ohio-based HoneyZJell computer. Resu l t s  from t h e s e  tests 
i n d i c a t e  t h a t  t he  TETRA input  f i l e  has  been c o r r e c t l y  assembled. This TETR4 
model r e p r e s e n t s  an ambitious e f f o r t  as i t  includes;  s i x  subsystems with 100 
modes, 6 connecting elements ,  20 gyroscopic load  i n p u t s ,  and 37 p h y s i c a l  
p i n t s .  
Using t h e  proper time step s i z e  i s  e s s e n t i a l  f o r  ob ta in ing  a c o r r e c t  
s o l u t i o n  with the  c e n t r a l  d i f f e r e n c e  method t h a t  TETRA employs. 
the time s t e p  should be equal t o  about 1/40 of  the sma l l e s t  per iod of o s c i l l a -  
t i o n  f o r  t he  subsystem modes. For t he  b a s e l i n e  TETRA model, t h e  sma l l e s t  
period of o s c i l l a t i o n  is equal t o  0.6827 mi l l i s econds  ( t h e  h ighes t  n a t u r a l  
frequency i s  a t  87882 rpm - c o r e  r o t o r  modal subsystem). Therefore ,  using a 
t i m e  s t e p  of  1 7  microseconds would s a t i s f y  t h e  forementioned 1/40 c r i t e r i o n ,  
and result  i n  the  computation of 11765 time s t e p s  du r ing  a 0.200 second time 
i n t e r v a l .  R e s u l t s  from the  test run using a 1 7  microsecond t i m e  s t e p  are 
i l l u c t r a t e d  i n  Figures  60 and 61, which show Number 1 bea r ing  loads as com- 
puted f o r  t he  No. 1 physical  connecting element a t  phys i ca l  po in t  Number 34. 
The wave forms look reasonable  f o r  t he  i n i t i a l  110 mi l l i s econds  showing c l ean  
LP synchronous 1/Rev as expected f o r  fan unbalance. 
expected i n i t i a l  t r a n s i e n t ,  t h e  amplitude (390 l b e )  s t a b i l i z e s  and i a  c l o s e  in  
value t o  the  VAST frequency domain s o l u t i o n  amplitude (330 l b s ) .  Recal l  t h a t  
Figures  32 through 36 i l l u s t r a t e  t h e  frequency domain forced response charac- 
t e r i s t i c s .  However, as shown in Figures  60 and 6 1  t h i s  TETRA s o l u t i o n  begins  
t o  diverge a t  about 110 mi l l i s econds  and t h e r e a f t e r  It is apparent  t h a t  t h e  
p r e d i c t i o n s  are not  c o r r e c t .  
a t  approximately 110 mi l l i s econds  and are probably r e l a t e d  t o  t r u n c a t i n g  e r r o r  
a s soc ia t ed  w i t h  t h e  l a r g e  number of gene ra l i zed  c o o r d i n a t e s  (100 subsystem modes). 
Since numerical d i f f i c u l t i e s  d i d  not occur e a r l y  i n  the s o l u t i o n  t i m e  frame, 
I n  g e n e r a l ,  
Also, fol lowing t h e  
It appears  t h a t  numerical  problems begin t o  occur  
144 
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i t  was concluded t h a t  the problem was not r e l a t e d  t o  t i m e  s t e p  size. 
v e r i f y  t h i s  conclusion,  t h e  t i m e  s t e p  was reduced t o  5 microseconds which i s  
less than 1/125 of the  sma l l e s t  period of o s c i l l a t i o n .  
run, i l l u s t r a t e d  i n  Figures  62 snd 63, show t h a t  t he  reduced time s t e p  had no 
e f f e c t  on the  so lL t ion  which demonstrated the  same divergence as obtained f o r  
t he  1 7  microsecond t i m e  s t e p  s o l u t i o n  (Figures  60 and 61). An example of t h e  
TETRA output f o r  t h i s  tes t  case  (100 subsystem modes and 5 microsecoad time 
s t e p )  is provided i n  Sect ion 7 . 5 .  lhis output  f i l e  i nc ludes  the  p r i n t o u t  f o r  
the f i r s t  two ( 2 )  t i m e  s t e p s .  
To 
R e s u l t s  from t h i s  test 
The number OF subsystem modes was reduced to  what was considered a mini- 
mum, . lsing t h e  f ; .  ;even LP r o t o r  subsystem modes including t h e  r i g i d  body 
modes (N~;Ax = 28090 i ~ ) ,  t h e  f i r s t  four  core r o t o r  Subsystem modes including 
the  r i g i d  body modes (Nnm = 29833 rpm) and t h e  f i r s t  s i x  s t a t i c  s t r u c t u r e  
subsystem modes ( N w  
system modes t o  34 from 100. A 20 microsecond t i m e  s t e p  was chosen, which is  
1/100 of the smallest period of  c s c i l l a t i o n  and r e s u l t s  i n  a s t e p  size t o  
smallest period of . s c i l l a t i o n  r a t i o  whish is  similar t o  t h a t  used f o r  t h e  100 
subsystem modef5 microseconds case.  
r e s u l t e d  i n  10001 s o l u t i o n  s t e p s  with no i n d i c a t i o n  of numerical d i f t - , u l t i e s .  
i n  a d d i t i o n ,  t h e  a n a l y s i s  was r e s t a r t e d  and continued f o r  an a d d i t i o n a l  0.200 
second. R e s u l t s  for the  entire 0.400 second are shown i n  F igu res  64 and 6 5 .  
= 13131 r p ) .  This reduced the  t o t a l  nunber of sub- 
Using a 0.200 second t i m e  i n t e r v n l  
The success  of t h i s  test run with a reduced number of gene ra l i zed  coord- 
i n a t e s  would seem t o  i n d i c a t e  t h a t  the numerical problems encountered with the 
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7.0 SUPPLEMENTARY INFORMATION 
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7.1 E3 VEGA LISTING FOR ASSEMBLED ENGINE SYSTEM 
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I scnes  CUI I*) CUIICI # f b l M J  ITA111 couuos 
2 0 0 0 0 0 2 I 3.01 Ob 1 B I B 0 1  6 1  1 17021 Ob 
1 1 SsOoE 0 0  0 0 0 0 0 0 3 - 0  
b 7 ? B O O 1  00 0 0 0 0 I 1 n l I E  O b  b IOOOC 0 1  D J I b O I  01 
S 7 7soc.e oo o 0 0 0 0 0 1 - 0  
T O T A L  W E I C M T  01 T M I S  S C A N  IS I aomsot 03  COUMOS 
T O T A L  C D L I I  MOMEMT or T M i s  $ P A M  IS s i 1 7 a o t  01 LIS im..a 
T O T A L  L I U C T M  O F  T H I S  S C A N  IS 1 7 b S O O E  0 1  I N C M K S  
A L L  V A L U E S  O C  T * E  S W C A R * S T R I S S  R A T I O  I A L I A I  A n t  2 O O O O O L  00 
~ 
U b S I  
V l I 1 A Y l O U  A N . L I l I 1  S V S T 8 M  
3 ooooc-01 0 









0 e 4 1  1 1 b O * . I  0 2  0 
UJSIZA OF POOR QUALln I 
U l l 4 1 .  I 
11 
a 4  
11 
1 7  
s r t i i o i  0 4  - 
0 3  
-6.5- 
01 
O ¶  
0 3  
01 
01 
0 4  
01  
0 1  





0 1  




0 4  
I 6  
I1  




0 5 1 3  
a 4 0 1 1 O t  00 0 000 
I 4 0 4 0 1 1  01 0 119 
1 I 5 1 1 4 1  01 0 4 1 1  
I l O I n 4 1  00 0 001 
a 1  1 Y S S 1 1 1  01 I 1 0 1  
11 Y 1 1 1 D D K  01 0 004 
8 I11001 01 0 0 1 4  
1 llOII1 0 4  1 a 1 1  
11 0 1  I 4.1 
1 011i I1 .01  0 000 
1 . 1 t s ? I . 0 1  0 000 
I 711111 0 2  0 O I I  
01 I 1 D r  
a a  
0 
1 0 0 1 1 1  0 1  
0 1  
192 
P 
7.4 E3 TETRA INPUT FILE 
DATE 12-14-02 ') 
MAIL DROP H36 EXT 513-243-9912'. 
' SJ CLINE 
110 ADDRES: BLMI 300 
120 IDENTI. f EEE-TIB ICLS TRANSIENT ANALYSIS - BASELINE TETRA MODEL> 
r l P I t  0 . 0  T O  0 . 2 0  StC, 5ob --IN A I  Fm > 
150 *LIST2 
160 T I  TLE= 
180 XREF= 0. , 
190 YREF= 0. , 
200 ZREr= 0.  , 
' EEE- I CLS LP ROTOR SUBSYSTEM VERT1 CAL ; 
T r o  Ism= 1 ,  
- 
220 1 ,  -166.991, 0 .  1 0 .  1 
230 2, -177.985, 0 .  . 0 .  s 
240 3, -172.156, 0 .  I 0 .  . 
. ,  0 .  0 .  1 '5: -::4O.;~x. 0 .  . 0 .  8 
270 6, -263.325. 0 .  I 0 .  I 
280 7, -269.475, 0 .  1 Q .  8 
8 .  -2bZ . i 1 5 ,  . a  0 .  L 
300 9, -269.995, 0 .  0 .  . 
310 10, -278.335, 0 .  1 0 .  I 
3 3 0  . A  3 .10133t  01, 0 . .  1 ,  
320 XMODES= 
340 61 .7 ,  4.25950E 01, 0 . .  1, 
350 1272.9, 1.1739CE 04, 0 . 8  0 ,  
360 2846.5,  1.14103E 05, 0 . .  0 ,  
3;r6 . I  0 . .  0 ,  
390 28097.8, 1.00853E 06, 0 . .  0 ,  
400 37651 - 0 ,  3.04509E 06, 0.1 0 ,  
0 . .  0 ,  2: ::E:;: 73:;:xz z; 0 . 8  0 ,  
430 50931.1, 4.25315E 06, 0 . I  0 ,  
440 57298.0, 1.36383E 07, O . ,  0 ,  
0 . 8  0 ,  
- 
7 
300 1:;:;. ;, :; :"3% E:: 0 . I  0 ,  
z: t f :E: 43: A: E::: E;: 0 . .  0 ,  
470 V H ( l I I I l ) =  
2: -~:~: :~~~- :~:  k: % ~ ~ ~ - ~ ~ :  8.50588E 0 1 ,  -:::?:-:; 
510 -6.21365E-01, 1.00637E-02. -7.09100E 00, -2.73612E 02, 
520 -2.59143E-01 , 1.00470E-02, -4.453205 00, -7.94277E 01 I 
?r I .  0046~E-02,  0.  , 0. I 
540 ""-2 1,00467E-02, -1.29294E 01, -3.20065E-07, 
850 5.53471E-02, 1,00475E-02, 0 .  0. 
560 1.341 19E-01 , 1,00474E-02, -2.39527E 00: -1.951498 01; 
3 10 2.1631 / t -01 ,  I .004rbt-02,  - 1141E-08, 0.  I 
580 VH(1,1,2)n 
590 9.95809E-02, 7.94191E-03, 2.29829E 0 0 ,  4.16402E 01, 
600 I .  86895E-01, 7.941 9 4 E - 0 3 ,  4,06959E-08, I -01 847E-06, 
610 
620 
480 -0 .01  17OE-01, I .  00744~-02,  - 7 . 7 8 8 4 7 ~  00, - 5 . 3 5 6 8 6 ~  01, - - -3.518ZZ.E-07, - 
194 
630 8.05905E-01. 7.92319E-03. -3.65481E 00, -1.01332E 02. 
640 6.63468E-01, 7.92235C-03, 0.  . 0 .  i 
650 9. t2188E-01, 7.9222%-03, -9 .  l2188E 01, -1.84191E-06, 
8.30892E-01. 8.51566E-03, 0. I 0 .  , 
b / U  -j. 
660 
680 i:kLgz-:;: -: 6.=%-%: ;:- 
690 VH(1,1,3)= 
700 6.8130SE-02, -3.40098E-02, -1.40174E 03, -5.00992E 04. 
7 l U  
720 -1.07168E-01, -3.39926E-02, 
730 -7.61193E-01, -2.23152F-02, 5.46554E 01, 3.85218E OS, 
740 -9.07406E-01, 1.2!541€-02. 3.12701E 03, 3.24192E 05, 
,760 ::::%-:;; :::EIE-:$: -::49461E 00: ::64279E-OS: 
-- - -  4 I I t - U L .  - -  f : ZZ 2 ;::zz:-::: - 
I J U  - -  - it- . 
195 
- I . de /3.'t - ?: - ~ : z $ ~ ~ ~ - ~ ~ :  -1.37709E-x;: z:32779E 01: -7163690E-04: 
1430 -1.91437E-@I, -7.48542E-04, 0.  0.  
1440 -3.57093E-02, 1 .59702E-03, 1.66874E OS: -9,89329E 06: 
t 4 3 u  1 . d ; t m t - U I ,  I .zb41at-u4. 3. / / d l  It'U;I. u. 1 
1460 VH( 1 , 1 ,  l o ) =  
1470 3,18600E-03, 2.02585E-04, -3.76427E 04, -9.12978E 05.  
1480 -8.27933E-03, -4.74530E-04, -7.31659E-04, 2.30707E-02, 
1510 -1.15597E-01, -4.02847E-03, -6.83470E 03, 6.30525E 05, 
1520 -1.70336E-01, -6.6840PE-02, 0.  8 0  1 
1540 9.84692E-01. 3.82641E-02. 0.  0 .  L 
1550 1.7.~557E-01 , 1.07258E-02, -1.01333E 07: 1.42040E 07: 
1560 -4.01507E-01, 2.92743E-02, -2.75060E-03, 3.52077E-01, 
;;6g"!i:b!%fE-02, -9.13A75E-04, 8.79889E 04, 3.22583E 06, 
1590 1.76645E-02, 1 ,48067E-03, 1.28286E-03, -1.02768E-01. 
1600 -3.32046E-02, -1.22711E-04, 3.32139E 00, 1 ,77996E-03, 
lblU 
1620 -;::E%-:;: I:=: -;:6%: -A:%;: : 
1630 1.38860E-01, -7.60158E-02, 0.  1 0 .  1 
1640 - 3 .  W345E-01, -8.76072E-02, 3.94376E 0 1  , -1.33744E-01, 
% - ~ : ~ % ~ ~ - ~ :  -A: ~ ~ ~ ~ ~ - : ~ :  y :  34747E 05: ::38528E 07: 
1670 3.47437E-01, -2.61423E-03, -2.47477E-02, -6.88631E-02, 
1680 VH( 1 , l .  12)= 
E -$:=-:$: - 7 :  ;&i44E-03: -7:28773E-02: -2:383949:-;2:: 
1710 4.65963E-02, -4.42781 E-OS, -4.66054E 00,  0.75495E-03, 
1720 1.73320E-01, 1.19253E-01, l . lb27SE G6, -4.O5311E Ob, 
;:::222:1:: -!!:%:::: 4.22115E 01, - 1 . OS964E-01: 
1780 7.88442E-01, 2.03371E-::: - : W E :  0. 1 
1790 VH(1.1.13)+ 
T U 3 U  - b l u t - U I ,  
- 
- - 
0 - 0 1 ,  9 .06m5F02 ,  
-8.14515E-01, 0.  I 0 .  
&.41;)44t 05,  3. f d a n n n h .  
3.17365E-01, -4.58956E-02, 0. 8 0 .  1 
It- - ,'Ult lJu, - 
1 e00 3.29643E-02, 1.18168E-03, 1.15892E OS, -4.67559E 06, 
1820 - 1  .44307E-01n 
- 04, - 
1830 4.57845E-01, ' 32288E-01; 1.40352E 06; -5.96954E 06; 
1860 ;:$:E-::; -::=-:;; -::74333E 00: -::72134E-02: 




1070 -1.25038E-01, -3.75561E-02, 0. 0.  
1000 VH(1,1,14)= 
1880 1.79515E-01, -9.86882E-04, -3.14419E 05: 6.31808E 07: 
1690 -2.5188lE-01 , 3.721 13E-02, 9 .31  162E-03, 7.44929E-02, 
TolU 
1920 
1930 9.80113E-03, -7.15012E-03, -9.80327E-01, 6.37044E-04, 
1940 4,28386E-01 , 2.20672E-02. 1 .O4682E 05,  -1.07308E 07, 
4*a7iJ~ic Ub' 
1970 7.6661 OE-02, 2.431 26E-02, -7.6571 OE 00: -3.79008E-02; 
1980 1 .  55399E-01 , 4.69702E-03, 0. , 0 .  I 
2010 SEND 
2020 LLIST2 
2040 lSUe= 2, 
2050 XREF= 0.  , 
2060 YReF= 0.  , 
2080 PTS= 
2090 1 ,  -166,991, 0 .  I 0 .  I 
2100 2, -177.985, 0 .  I 0 .  I 
. I  u. t u. 1 
2130 5, -230.808. 0 .  I 0 .  I 
2140 6,  -263.325, 0 .  1 0 .  L 
2160 8 ,  -262.115, 0 .  . 0 .  I 
2170 9, -269.995, 0 .  1 0 .  . 
2180 10, -278.335, 0 .  1 0 .  I 
2200 52 .6 ,  3.70153E 01, 0 . 8  1 ,  
2210 61 .7 ,  4.259JOE 01, 0 . .  1 ,  
2220 1272.9, 1.17390E 04, o . ,  0 ,  
7230- u.1 u. 
2230 i 6 2 : 8 . i ,  3 . 8 6 3 9 1 ~  os, O . 8  0 ,  
2260 28097.8, 1.00653E 06, 'J I 0 ,  
v.* 0 ,  
2290 43145.7, 7.54653E 06, 0 . 8  0 ,  
2300 50931.1, 4.25315E 06, O . ,  Q ,  
" . #  0 ,  
2330 87068.4, 9.70691E 06, 0.1 0 ,  
;:;EE-z: - 6 :  ;4JE;-:;: '1: ::;;;;-E: -::;;;E-;;: - -  - 
- - - % -::;E%-:;: ;::KE-:;: 0 .  
2000 x: :;E:-:;: ;: %-:;: f : ZE2-z: -x:  ZEtE-:;: - - - ~~ 
' t t t - i m a x r  nui-raitn m' J 
m / V  LKt? '  u ,  1 
E;: 45:  -164'.J.%. 0 .  I 0 .  1 
I ,  ' L b Y  . e f d .  v. 8 u. * 
3' 
2240 ;::2,: ;%:: "0; o . ,  0 ,  
:KK: ;:zE z o . ,  0 .  
z;: :;E: 3u: ; ::z:: E: 0.1 0 ,  
2340 V H ( l , l , l ) =  
2360 -7.90414E-01 , 
2370 -8.50588E-01, 9.78894E-03, 8.50588E 01, -9.41513E-07. 
2380 -6 .21  365E-01 , 1.00637E-02, -7.09100E 00, -2.73612E 02, 
'1 : : : 7 w  14: ;E;$-:;: ::EEL:: 
2400 ::;:E:-:;: ;::::6T-z; I 0 .  "': 
::::;E-:;; ; : ::zEz: --zR;:-::: A:'- "': 
- - 
- - 
2410 1,29294E-01 , 1.00467E-02, -1.29294E 01 , -3.20065E-07, 




2460 9.95809E-02, 7.94191E-03, 2.29829E 00,  4.16402E 01, 
mfo 
24 80 
- - - 
197 
24 BO 3.20213E-01, 7.93711E-03, -1.33332E-01, -1.67524E 02, 
2500 6.05905E-01, 7.92319E-03, -3.65481E 00,  -1.01332E 02, 
251 0 8.63468E-01, 7.92235E-03. 0.  a 0 .  1 
2520 9.12188E-01, 7.92225E-03, -9.12188E 01, -1.84191E-06, 
753U 
254 0 
2550 9.89015E-01, 8.51568E-03, 6.52911E-08, 1.09208E-06, 
2560 VH(1,1,3)* 
::E-:; : 51: -::: -: 00366E 01 : 51: 73532E 01 - 
z2 -3: -:::;%-::: 4:;:;&E-::: ;:::z-z: 
E;: -;:;:E-:;: ::;::E-::: ;5: ud’ 0 .  1 
- - -  - - 
2590 -1.07168E-01, -3.39926E-02, 1.07167E 01, 7.20209E-06, 
2600 -7.61193E-01, -2.28152E-02, 5.46354E 01, 3.85218E Ob, 
d . i ? 4 l a  c13, 
2630 9.4946 1 E - 02, 3 5992 1 E-02, -9.49461 E 00:  1,64279E-OS, 
2640 -1.76347E-01. 3.73208E-02, 0.  I 0 .  1 
2bW.J 1 ,  lb&8k-U l ,  3 . 1 3 W B t - 0 2 .  3. Ulrr/U€ r e ,  - -  t u4, 
2660 4 I 29291 E-01, 3.731 62E-02, 6.84829E-OS, 5.861 6 1 E-04, 
2670 VH(1,1,4)= 
2680 8.10259E-02, 3.54076E-02, 1.18643E 04, 3.022158 08, 
2700 
271 0 5.71814E-01, -4.91938E-03, -3.70529E 04, -1.00471E 06, 
2720 -6.19833E-01, -3.47851E-02, -3.90910E 04, 4.63695E OS, 
-:: %:%-:;: ;:%9”FE-:f: i: 19530E 01: -::63720E-04: 
2750 -7.81359E-01, 8.00184E-02, 0 .  . 0 .  
2760 -1.52295E-01, 7.99184E-02, 3.22834E 04, -7.79195E OS: 
2 ‘ f U  3.7m33t-u1, 1.YJbYbt-UZ. 1 .~sBJ/4t-v;(, I .  l u r ~ ,  
2780 V H ( l , l , S ) =  
2790 -4.09414E-02, -6.61501E-03, -2.48800E 04, -5.39851E 05, 
2800 -1.20998E-01, -6.97884E-03, -9.57468E-04, 4,65526E-03, 
28?0 
2830 9.  19192E-01, -1.75669E-02. -2.66863E 04. -7.6C902E 05. 
‘2: :42;:;:-:; : x: :;E;:-:;: -;: : E z y  -;: EZ-::: - -  
- -  
- -  ;: ZE-::: ::E%-:;: ;: ;; - - 
2840 -6.58489E-02; - 1.37342E-03; 0.  I 0 .  1 
-m?m- -1.4SUb4t-UE, - L . m - 0 4 ,  
2860 - 1  .23090E-01. 0.  
2870 -4.67938E-02; 9.28994E-03; 4.85606E 04; -8.07956E 05, 
2880 3.39342E-02, 9.30816E-03, -1.48730E-03, 4.81962E-03, 
~ r ’ i : i ~ ~ ~ 6 E - 0 2 ,  3.75047E-03, 8.75698E 04, 1.67503E 06, 2900 
291 0 1.06847E-01. 4.91303E-03. -1.49622E-03. -1.00811E-01. 
- 
2920 5.71590E-02; 3 .  l7639E-03; -5.71581E 00; 6.51942E-04; 
0 .  bUc333t-01, 
2940 7.96637E-01. 
2950 2.0949OE-02; -1.75943E-02; 0 .  I 0 .  1 
2960 -8.87048E-02, -1.70452E-02, 8.87096E 00, 6.18443E-04, 
E;: -:: E%-::: z :  2:1;-: (3:49345E OS: -::01512E 06: 
2990 1.18S82E-02, 5.26224E-03, -2.80764E-03, 2.05359E-02, 
3000 VH(1,1,7:= 
- 5 -  
- . -  - - 
T 2 :  -A: :%-::: -J:  z:;-::: ;EE-::; -2:  X%-Z; 
3060 :: E%:-:;: -5: ;:%-z: ::ZZ64rt 05 ,  1 0 .  
3030 -2.02315E-02, -9.13397E-05, 2.02313E 00, - I  I 11670E-03, 
3040 5.28601E-01, -3.47161E-02, -1.62790E 05, -3,461498 06, - - l . c l n 8 6 . t  P O ,  
SO70 - 1  I 43090E-01, -5.02994E-02, 1.43097E 01 , - 1  I 37415E-02: 







3120 -8.39818E-02, -9.38703E-03, 3.49865E 06, 7.30779E 07, 
31 30 9.20982E-01, 4.43920E-02, -6.49035E-03, -3.52559E-01 ,
3140 -2.04736E-01 , -1.33217E-02, 2.04756E 01, -4.51168E-03, 
Tz -I: :E-Zlf; -f : E 3 ; L - K :  ;: ;;:;:E &: ; : ~~ - 
31 70 1.08426E-01, -2.82319E-02, 0. I 0 .  1 
3180 -7.39486E-02, -2.99528E-02. 7.39358E 00. -9.99511E-04, 
%:: - ~ : ~ ~ % ~ ~ - : ~ :  ;::3%L:-gi: g: 10774E 05: -::46604E 06: 
3210 2.52738E-02, 4.77516E-04, 4.61006E-34, 1 I 16018E-02, 
3220 VH( 1 , 1,9)= 
- - -  
E$ -f : ;:;%E: -2: -E:%-:;: - r' : ;zE-:i: 
3280 ; : %::-:I : -3:  E%-- v3= 1 0 .  1 
3320 1.53290E-01, ; : ;;z:-z: A: %E: : ts- "O:  
3250 7.01237E-02, 2.85323E-03, -7.01284E 00, 1.87689E-03, 
3260 -2.43039E-01, 7.44683E-02, 5.06610E 03, 3.36087E 06, 
32 I U  - - - -  4 . 4 1 3 z - n  UD, 
3290 -3.327106-01 , -1.37709E-01, 3.32779E 01, -7.63690E-04, 
3300 -1.91437E-01, -7.48542E-04, 0. 1 0 .  1 
3 Z f U  -- uJ3t - U L ,  
3330 VH(l,I,lO)+ 
3340 3.18600~-03, 2. O ~ S ~ S E - O ~ ,  -3.76427~ 04, -9.12978~ os, - . -  . a .  
S " , ~ ~ E E - ~ ~ :  , ~ 9 ~ ~ ~ L - g ~ :  - ~ ~ ~ ~ ? k - ~ ~ :  - ~ : ~ % ~ ~ - : ~ :  3360 
3370 - 1  .92289E-02, 1.01033E-02, 7.34515E 04, 3.51430E 05, 
3380 -1.15597E-01, -4.02847E-03, -6.83470E 03, 6.30525E 05,  -A:iz-r -;:;%:-;2, Z.45796E 01: ::98078E-02: 
3410 9. 8C532E-01, 3.82641E-02, 0. 0. 1 
34 20 1.74lJ57E-01, 1 ,07258E-02, - 1.01333E 07: 1.42040E 07* 
mm- - 4 . m ,  z .  r27JTr-uz. d .  /SDbUt-U3, 3 m / / t - u 1  , 
3 4 4 0  VH(l,l,ll)= 
3450 -i.e3803~-02, -g.i3e75~-04, 8.79889~ 04, 3.22583~ 06, 
3.160 1 I 76645E-02, 1 .48067E-03, 1.282e6~-03, -i.~276a~-oi, 
34m - 3 . 3 z c m 3 i - u 4 ,  3.32T3Yt uu, 1 .  I / Y Y b t ' U Y .  
3480 -2.19366E-02, -9.19192E-02, -7.70495E 05 ,  -1.28171E 06, 
3490 7.40864E-01, -4.16277€-02, -3.68rw6E 05, -5.42963E 06, 
3500 i.38860~-01 , -7. ~ O I S ~ E - O ~ ,  0 .  1 0 .  1 
m u  - c * -  - ul* 
3520 
3530 -2.07558E-02, -6.14449E-03, 1.34747E OS, 2.38528E 07: 
354 0 3.47437E-01, -2.61423E-03, -2.47477E-02, -6.88631E-02, 
-(1,1,1d)- 
3560 2.03852E-02, 8.9161QE-04, -3.593055E 04, -3.02244E 06, 
3570 -9.83779E-03, -1.32544E-03, -1.28773E-02, -2.38399E-01, 
3560 4.63963E-02, -4.42781E-03, -4.66054E 00, 8.75495E-03, 
- 
- 
J . - .  I - c ,  
;: z :;: -:  3 E Z - z :  1 0 .  
- 
zz -::zE-:;: ;: :zzz: ;::%E ::: ::E;;: :; - 
3610 -8.14515E-01, 6.91939E-02, 0. I 0 .  
3620 -4.22224E-01, 6.82724E-02, 4.22115E 01, -1.05964E-01: 
TfLStJ J. TmE5t-01 , 
3640 - 1  I 27589E-01 , -: =-:;: -7: 68304lE 06:  7:22781E 08: 
3650 7.88442E-01, 2.03371E-03, -8.89706E-02, 0. 4 
3660 VH( 1 , 1,13)* 
E O  -::?E-::: -A: ;%E-:: -A: OzE-:;: -I: %:%*:E:
3690 - 1  I 44307E-01 , -1.18870E-02, 1.44316E 01, 1.09613E-02, 
3700 4 57845E-01 , 1.32289E-01, 1.40352E 06, -5.96054E 06, 
- 
3/10 = I  -6.- 08, 
3720 1 0 .  . 
199 
3730 2.74332E-02, -5.16429E-02, -2.74333E 00. -4.72134E-02, 
3740 -1.25038E-01, -3.75561E-02, 0 .  I 0 .  
3750 1 .79515E-01, -9.8G882E-04, -3.14419E O S ,  6.31808E 07: 
3760 -2.51881E-01, 3.72113E-02, 9.31162E-03, 7.44929E-02, 
" " " " ~ ~ ~ h ~ ~ 6 E - 0 2 ,  7.55830E-04, 4.95567E 05,  -6.25034E 06, 3780 
3730 1.77421E-02, -2.54281E-03, 4.68700E-02. -2.50200E-01, 
3800 9,801 13E-03, -7.15012E-03, -9.80327E-01, 6.37044E-04, 
7 :  E%-:;: -7: ;::;;:-z -I :;'o% 2 -:::27E :; 3820 
3830 -6 .  S9824E-02, 1.61992E-02, 0 .  1 0 .  
3840 7.66610E-02, 2.43126E-02, -7.65710E 00, -3.79008E-02: 
3860 -1.61208E-01, -7:1:;:4:-z: ::22851E OS: y :  94000E 07:  




I .  3 3 ; I Y Y t ' U I  , i r : -  
S83U *I- I 3  I L 
3900 TllLEr 
3910 'SUB= 4, 
3920 XREF. 0.  , 
3940 ZREFz 0 ,  , 
3950 PTS= 
3960 1 1 ,  -201.040, 0 .  , 0 .  1 
'EEE-ICLS CORE ROTOR SUBSYSTEW VERTICAL; 
T K t P '  0 .  1 
J Y f U  l e ,  -Luf .v Iu ,  u. , u.  , 
3980 13, -217.010, 0 .  1 0. 1 
3990 14, -223.000, Q .  , 0 .  I 
4000 15, -228.010, 0 .  I 00 1 
a D I U  l D ,  -Lad . v / u ,  U .  u. L 
4020 17, -230.395, 0. I 0 .  I 
4030 18, -250.865, 0. 1 0 .  1 
4040 19, -255.465, 0 .  8 0 .  I 
* A  u. I 9. 1 
4070 73 .0 ,  6.42149E 01, -34 ,6 ,  1 ,  
4080 138.9, 5.606R3E 01, -34 .8 ,  1 ,  
mmv' - 1  9 ,  I 
4100 ;:E.;, g::: 
4110 38775.0, 1.86112E 06, -34 .6 ,  0, 
4120 51786.9, 1.21177E 07, -34 .6 ,  0, -* ,  
4140 745:.;, ;:%:i :$: -2:;: g: 
4150 87882.3, 3.56812E 07, -34 .6 ,  0, 
4160 V H ( l , l , l b =  
2E xMdL:;s= re3-325 
- 
%: -::E%-:;: 4 . m  -:::E2 ::: k37913E 02: 
4220 -7.88214E-01, -7.43481E-03, ~:zE-z: ;:E : 
- - 
4190 -6.52843E-01, -7.49614E-03, -3.7150Cr-' 01, 7.36234E 02, 
4200 -6.97746E-01, -7.49542E-03, -3.41078E 01 , 9.51651E 02, - t - 0 1 ,  /.ml ft-vs, 
4230 -8.13140E-01 , -7.49314E-03, 8.21044E 00, 1,16859E 03, 
4240 -9.06555E-01, -7.50176E-03, 2.07577E 01, 1.00899E 03, 
-0 1 9 . 3 4 3 / t ¶ t  u1 ,  .' . /at UZ, z -;:%I;; r -;::ZE-o:, 1.00000E 02, 0 .  8 
4270 VH(1 .1 .2 )=  
- - 
9.34274E-01, -2.2981 1E-02, 9.34274E 01, 0.  1 
/ I  e m t - u l  , .. 4280 
4300 5.67253E-01. ; . E E  2 -'7:6:::s: 2 
431 0 4.29574E-01; -2.30125E-02; 1.19206E 01 -0,79679E 02; 
4320 3.14280E-01 , -2.30127E-02, - 1  I 95760E 01, -7.97036E 02, 
$::;E-::: -=-::: -:::%E -::=E ii: 4340 - 
2 00 
4350 -2.11703E-01, -2.30138E-02, -3.47173E 01, 1 .12434C 02, 
4360 -3.17566E-01, -2.30137E-02, 4.30570E 01, 3.60344E 02, 
4370 -4.98446E-01, -2.30130E-02, 4.98446E 01, -6.70156E-06, 
4380 VH( 1 , 1 , 3)= 
44 00 : %;E-: &EA:k-zg: - g o  62481 5E OS, : 351 81E 06: 
4410 9.04046E-02, -3.1875OE-02, -6.34752E OS. 8.23814E 06, 
4420 -1.65104E-01, -2.40587E-02, -6.25755E 05,  1.22529E 07, 
- . -. 
L . Y ; m 6 C ' U I ,  L . u8Eart - 02, - -  * 3 
4450 -5.72323E-01 , 8.57732E-03, 3.79120E 05, 1.71839E 0 7 .  
4460 -2.87347E-02, 4.78G77E-02, 5.80522E 05, 1.04652E $ 7 ,  
-99 I V  Z.;,I&KE-Vl, D . L I 4  UZ , I . UanUC VJ,  0 .  udm:T?! 7 
4480 6.66847E-01, 5.22436E-02, -6.66753E 01,  - 1.55941E-0 , 
4490 V H ( 1 , 1 , 4 ) =  
P3IU 
4500 - 7  37859E-01, 9.16578E-02, -7.37859E 01, 0.  
4533 3.96130E-01, 7.26918E-03, 1.77827E 05 ,  -2.05856F 07, 
4540 3.67500E-01, 1.48611E-03, -1.33733E 06,  -1.8G133E 07, 
'4 
4570 6G-3.09766E-01, ;: ;:4"5-)3;: 5.476!556E-02, -1.86935E 06, 2.94455E 1,7498;; "0; 67,  
4580 -2.19913E-03, 6.38095E-02, 1.80429E OS, 1 .57f,49E 06, 
4600 V H ( l , l , J ) =  
461 0 5.90220E-01, -1.43280E-01, 5.90220E 01,  0.  
4620 -3.48822E-01, -1.10764E-01, 2.41619E 05, 1 I 80550E 07: 
4440 -4  I 38020E-01, -1.55000E-02, :=E ; * 7 8 W ,  
I - - - -  
4520 ;:;;:;E-:;: ;:%E-:; :::oJoc:zz: -7:ZzE $; 
- -  - 
rr. I u a m ,  0 . 4 e a m  -vz, - L t  UI, -4. -HJ- 
a b 3 U  
4640 2: EE-;;: i;: z&:-;;: ;:4%;: ::: ;:;,;%;E G: 
4680 -8.74141E-02, :::E;:-::: 4: ;;,"E: :::4Y5: 3: 
4650 1.44667E-01, 8.18293E-03, 8.21430E 05. -1.64368E 06, 
4660 2.31016E-01, 6.83852E-33, -6.51375E OS, -5.95549E 06, 
3 0  IU r . m r l t - u l ,  - -  - 7  
4690 -2.02169E-02, 1.66488E-02, 5.380G4E 04, 6.06043E 05, 
4700 1,14652E-01, 1.7mi71E-02, -1.14703E 01, 0.  1 
V n a v R " i ~ ~ ~ & 9 E - 0 1 ,  4720 7.2991GE-02, 4 .49449F 01, 0 .  
-730 8.42540E-01, 7.9125UE-02, -5.81228E 06, -7.03927E 06: 
4740 -4.518SSE-01, 2.76093E-02, -5.00784E 06,  4.37360E 07,  
T - .  
4760 -:. 7%hxs-:r 1 9: z: $ T E E  i7: 
4770 1.82792E-01 , a.40331E-02, 7.41345E 05, -2 .10483E 07, 
478C . 9.24794E-01, 4.62960E-02, -2.73891E 06, -2 .76418E 07,  
-  
- - .  ZE -;::=-::: 2 :zz-:z: -:.:z;::  ::z% K: 
4 e i  o 5.35682E-02, 2.61569E-02, -5.33C76E 00, 3.11285E-01, 
4820 VH( 1 , 1 , 7 ) *  
-w30 - - -  
4840 :: ~ ~ % k - ~ ? :  E: -6:  :E :i; -: 3Ci713E 07: 
4850 -4.92225E-01, -3.33922E-02, 1.36776E 06, 1.03778E 07,  
4860 -2.27735E-01, -2.17793E-02, 2,91747E 06, 1 06531E 06 ,  
w I P  
4890 4.76695E-01, -9.433CBE-02, -2.97868E 05, -2 .43595E 07, 
4900 -9,51353E-01 , -1.18651E-01, 6.74165E 06, 1.82991E 05, 
- -  1 - b  :5 - , --:a 
4080 ::::;z-::: ~ : E % - E ;  z:z% :, - 2 3 T 2 :  E: 
1920 8.41534E-01, -3 .84235E-02,  -8.42220E 01, ;:E% i;: 9.37652t-01, 2 . T m T m r O  - r 3 .  t133Zt U6, - 




- 4940 - 1 ,67339E-01 , l.OSOS8E-01, -1,67039E 01,  0 .  
201 
4970 3,6251 BE-02, -4.669: 3E-OC 7.99166E 06, -1.O2662E 07, 
4980 2.18892E-01, -4.1'3407E-02, 4.18646E 06, -1.00619E 07, 
4990 1.09423E-01, -4.4C193E-02, -4.96671E 05,  9.62557E 06, 
5000 - 1  .34157E-011 -2.43627E-02, 4.52692E 05,  I .64CSOE 07, 
5030 -6.06280E-02, 6.08836E-03, 6.07513E 00,  0. I 
-z:E&k-:i: -;:=-:;: g:Y12% ii: -::83259E 06: 
5070 5.27403E-01, -8.79504E-02, - 1  -4s. 62E 06, -2.41834E 07, 
5080 -4.29874E-01, -1.037OlE-01, -1.399528 06, 9.63344E Q G ,  
, s75mc - 2;: -A: ;::E-:;: ::;::E-:;: -$::;:E ::, -9.3895:; ;: 
- 5040 VH(1,1,9)= - - - 
- - 
- . I  
51 00 ::%;;E-:;: -;*;o:::-:;: I : Z G m Z - z :  G: 
5140 ;:::z:-:;: ;T%-:;, - 1  .E:: :; 40:m'Jc -; 
51 10 9.2026%-01, -1.32892E-01, 3.39450E 06, 3.81122E 07, 
51 20 5.33952E - 02, 1.32201E-02, -3.39056E 06, 6.198529E 07, 
3 I ; t U  - - . ,  3. 
5150 S E N D  
5160 %LIST2 , 
5180 IS1'9= 5, 
5190 XREF= 0. , 
5200 YREF= 0. , 
5220 PTS= 
5230 1 1 ,  -201.040, 0 .  1 0 .  1 
5240 12, -207.670, 0 .  a 0 .  1 
- I  u .  0 .  1 
5270 15, -228 010, 0 .  1 0 .  1 
5280 16, -235.070, 0 .  1 0 .  I 
* '  1 0 .  I u. . 
5310 19, -255.465, 0 ,  I 0 .  I 
0 .  I 0 .  I 5320 2 0 ,  -263.325, 
m X P 1 0 D t s =  
5340 73.0, 6,42149E 1.. -34.6, 1 ,  
5350 138.9, 5.60683E , -34.6. 1 ,  
5360 16458.9, 7.56231E 1.5, -34.6, 0, 
S l , U  I I I L t =  LLL-ILLa bunt P', 
LKLP = u. , 
EE ;: -;:;*z:, 0 .  1 0 .  8 
;: -E,%, 0 .  I 0 ,  1 
- - 
, I  . I  I 2;: ZtY, GE--% -;44*:, :, 
5390 51786.9, 1.21 177E 07, -34.6, 0, 
5400 66915.7, 4.73872E 07, -34.6, 0, 
?alu--7a?i3!3 8 ,  1.T5zGgE Y/, -34.5, un 
5420 87882.3, 3.t6812E 07, -34.6, 0, 
5430 VH(l,l,l)~ 
5440 -5.33097E-01, -7.49852E-03, -5.33097E 01, 0. 1 Ez -::::E-::: -; :::m: -::%E%; ::E% 
z:: -;:zE-:;, -;:EEz: ::;%E : ; : : Z E  E: 
- - - 
5470 -6,97746E-01, -7.49542E-03, -3.41078E 01, 9.51651E 02,  
5480 -7.35298E-01, -7.49517E-03, -1.69262E 01, 1 .CE199E 03, - I-- , 
3510 -9.06555E-01, -7.50176E-03, 2.07577E 01 ! ,00899E 03,  
5520 -9.41056E-O?, -7,50118E-03, 9.54578E 01 7.69175E 02,  
5540 VH(1,1,2)= 
5550 9.34274E-01, -2,29bllE-02, 9.34274E 01, L .  
35 I O  5 .  b - 4 t - 02, 5560 
5580 4.29574E-01, -2.30123E-02, 
- O m  PO.  7,-i 0 2 ,  -  I 
7.81918E-01, -2.29820E-02, 4.45451E 01, -4.71862E 02: - 
1 
202 
3.14280E-01. -2.30127E-02, -1.95760E 01, -7.97036E 02, 
1.51807E-01, -2.30129E-02. -3.76326E 01, -5.45828E 02, 
3.96130E-01, 7.26918E-03, 
3.6fSOOE-01, 1.48611E-03. -1.33733E 06, -1.86133E O f ,  . 16193E-01 I -2.68551E-03, -2.45527E 06, -6.08738E 06, 
1.57849E Ob, 





6140 -6.37101E-02; -1.81685E-02; 5.64458E 06; -9 .265 E 06; 
61 60 4.7669LE-01. -::%-6 :: - ~ : ~ ~ ~ & i ~ ~ ~ ~  0 2.06111E-01, - 2 
6170 -9.51353E-01, -1.18651E-01; 6.74165E 06;  1.82991E OS; 
61 80 9.37652E-01, -2.49196E-02. 3.71352E 06, 1.10582E 07, 
61 90 8.41534t-01, 3 .  e 4 2 - i  1 ,24341- 
6200 VH(I. 1,81m 
203 
621 0 - 1 .67039E-01 t .US038E-01, - 1  .b7039E 01, 0. 
6220 4.37864E-01, 4.34143E-02, -4.18568E 06, -2.73474E 07: 
6230 -9.40852E-01 , -7.39350E-02, 5.34783E 06, 2.20893E 07, 
524 0 3.62518E-02, -4.66913E-02, 7.99166E 06. -1.02662E 07, 
%)LJU 
6260 
1.64859E 07, 6270 -1.34157E-01, -2.43627E-02, 4.32692E 05, 
6280 1 .  11610E-01, 1.26883E-02, 2.88797E OS, 6.503611 06, 
::Ax: -::46193E-02  - : : ~ ~ ~ ~ ~ ~  i : z5 ;% - - 
z -::ZE-;;: ;:;;z::-cl;: :E : :-: - -. - 
6310 VH(1,1,9)= 
6320 -6.98175E-01, 4.79252E-02. -6.98175E 01, 0. I 
F J 4 U  -. - ~ : ~ % ~ - ~ ~ :  -;:;:E-::: -;::5762E :E: -:%% x;: 6340 
6350 -4.29874E-01, -1.03701E-01, -1.39952E 06, 9.63344E 06, 
6360 -5.50775E-01, -8.77136E-02. 1.67718E 07. 8.95469E 07. 
- 6 3 / U  4 .  I D m J f t - U I ,  
6390 5.33952E-02, 1.32201E-02, -3.39056E 06, 6.88529E 07, 
W O O  -1.06714E-01, 3.15985E-02, 5.22096E 04, 4.42173E 06, 
WIU I , 0 4 m - U 1 ,  J.T(JmaL-ui?. - U1' u. I 
6420 S E N D  
6430 SLISTZ 
6440 TITLE= 
- -  - 
6380 9.20265E-01, -;:zz-:;: ;:E452f: ;: ;:EZ z5: 
'EEE-ICLS STATTIC STRUCTURE SUBSYSTEM VERTICAL'. 
w3u law= I ,  
6460 XREF- 0. , 
6470 YREF= 0 .  , 
6480 ZREF= 0. , 
6500 Z f ,  -166.901, 0. 1 0 .  1 
6510 22, -177.455, 0. I 0 .  I 
6520 23, -207.630, 0. 8 0 .  I 
J, - & ? I f  * I  005 u. # u. 1 
6540 25, -223.015, 0 .  8 0 .  I 
6550 26, -228.1@5, 0. I 0 .  I 
6563 27, -234.550, 0 .  I 0 .  1 
'b5m ye,  - z 3 f  , .  913 * ,  0 .  . 
6580 29, -250.915, 0 .  1 0 .  1 
6590 30. -255.555. 0 .  0. . 
6600 31; -262.265; 0 .  1 0 .  I 
bblo  32. -2 /9  I 22 5, 9.  0 .  I 
6620 33. -278.575. 0. . 0. . 
6630 34; -172.156; 0. I 0 .  I 
6640 35, -194.778, 0. I 0 .  1 
66613 37, -2c9.475, 0 .  1 0. , 
6670 XRCIDES= 
6680 718.1 , 2.19719E 04, 15 . ,  1 ,  
::52823E OS: 15 . ,  0, 
6710 8541.4,  4.25520E 05, 15 . .  0, 
6720 11476.1, 1.59057E 06, 1 5 . ,  0, 
1 3 . B  0 ,  
6750 18937.3. 1.36996E 06. 1 5 . .  0.  
36, -201 I 040,  0 .  . .  
0  
E: ;;E::: ::=1 5 . ,  0 ,  
204 
6790 20989.2; 2.40350E OS; 15 . ;  0; 
6800 31862.5, 9 . 0 4 e l l E  06,  1 5 . ,  0, 
15 . :  0 ,  
1 3 . ,  0 ,  
8a30 43312.3. 1.44536E 07. 15.. 0. 
6840 46780.5. 3.11669E 07, 15.. 0. 
6850 50137.3, 3.79795E 07. 15. ,  0 ,  
6860 53499.2, 7.37532E 06, 15.. 0, 
1 3 . .  u. ::;: EEX: ::z"0; 15.. 3, 
6890 65253.4, 2.09262E 07, I S . ,  0, 
6900 71143.9, 1.71715E 08. 15 . .  0, 
* .  a .  u, 
6930 76633.7. 2.15732E 07, 1 5 . .  0, 
6940 70499.1, 2.16467E 08. 15. .  0 .  
~ " k : h & E - O l ,  6960 -9.07348E-03, -6.26115E 03, 8.80479E 04, 
6970 8.20132E-01, -8.87836E-03, -1.37521E 03, 9.39965E 03, 
6980 5.52484E-01, -0.80280E-63, 1.33922E 04. 6.10279E OS, 
7000 
701 0 3.76536E-01, -8.56820E-03, -1.44231E 02. 4.05946E 02, 
7020 3.21301E-01, -8. SC775E-03, -3.59912E 02. 2.35667E 03. 
I S . ,  0 ,  
Z G 2 Z :  -8:;E-E; sEz 2 ::x: z: 
7040 f : R-:;  -8: zz-::;  d: :zz E: ;:::%z z: 
- 
0 - -  
7053 1.45026E-01. -8.47158E-03, 8.46689E 03, 1.03461E OS, 
7060 8.99227E-02, -8.40968E-03, 7.64486E 03, 1.3lObSE 05, 
-:-, -:::;:;E-: 1 . 7 E E  E: 
7090 8 .67363~-01 ,  - ~ . B ~ o ~ s E - o ~ .  0 1 0 .  1 
71 00 6.6512OE-01, -9.11816E-03. 0.  . 0 .  1 
7 n T  - 
7130 VH(1,1,2)= 
7140 1.52489E-31, -8.93432E-03, -4.43123E 03, 2.18599E 05, 
- - 
- -. - - 
71 20 : ;:E2-: -:---@? I 0 .  , 
% -;: -: 36568E-03: P::ZZE : ;:T 
-::E%-:;: -X%:-Z:  ::E; : -:::zzz: 
zz--xzz-:;: -;::::E-::: ;::% z: x:EE z: 
-::zE-::: - : : : : Z E :  : 0. 
m r l i : i Z i i i E - o i ,  -i.o809oE-o2, -6.3753sE 04, 2.622oeE 06. 
- 1- - -  
7170 -2.83383E-01, -8.12734E-03, 3.17095E 03, 1.28483E 06, 
7180 -3.31537E-01, -7.9C536E-03, 4.65219E 03, 1.2647OE 06, - -  - - 
7210 -4.47680E-01, -7.62796E-03, -2.82083E 03. -2.57957E 04, 
7220 -5.40243E-01, -7.28592E-03, 2 . 2 1 5 9 2 E  04, 9.85807E OS, - - - 
7250 -6.51173E-01, -6.39503E-03, 4.53105E 04, 5.75911E OS, 
7260 -6.93656E-01, -6.25887E-03, 5.26491E 04, 1.76509E 05, 
I 0 .  1 
7290 -1.50417E-01, -8.57278E-03. 4.60775E-05: -9.83258E-OS: 




7330 3.e2022~-03.  - ~ . 4 9 1 t t i ~ - 0 3 ,  - 1 . 3 1 3 4 3 ~  c , 1 .20760E Ob, 
7340 -1.56499E-01, -3.71339E-03, 9.75354E 04. 1.45750E 07, 
E: - ; : 67939E -01 : 5 564 1 1 E-04; 1 18697E 05; 1 : 29347E 07: 
7370 -1.6543OE-01, 3 .4  1 572E-03. 2.32020E 03. -6.20695E 03. 
- - 
7410 2.93175E-02; 7.79503E-03; 1.61163E 05; 8.00977E 06; 





OF POOR QUALIN 
7450 3.45367E-02, -5.64247E-03, 0. I 0 .  i 
7460 -9.31808E-02, -5.62646E-03, 0 .  1 0 .  
7470 -1.296836-01 , -5.82487E-03, -4.32787E-05, 3.09201E-03: 
7460 3.20578E-01 1.21081E-02, 0. I 0 .  1 
- 1 , l , a J =  
7500 3.99370E-02, -5.56516E-03, -6.22211E 04. 5.29189E 06, 
7510 -1.58’508E-01, 4.04085E-03, 5.10066E 04. -4.5565OE 05, 
7520 2. S8307E-02, 4.92407E-03, 8 .21  173E 05, 8.52753E 06. 
-n3U 
7540 
7550 3.0285OE-01. 3.07863E-G3, -1.57488E 04, 8.69369E 03, 
7560 3.21165E-01, 3.10608E-03, -4.33492E 04, 1.69797E 05. 
7 3  /lJ 
7580 :213;: -;:E::: 2: :::E-:;: - Z g i i F E - E :  
7590 3.79658E-01, -3.99102E-03, 1.44630E OS. -2.07283E 07, 
7600 2.74263E-01. -8.78029E-03, -2.06952E OS, -1  .27SOBE 07, 
7 6 l U  e. rezr4t-vz. - - - 
7620 -1.05959E-01, 
7630 -1.88554E-01, 4.67999E-03, 0. I 0 .  1 
7640 -7.76397E-02, 5.05125E-03. 0. I 0 .  1 
7bXl - lugt-oz, - -  - 
7670 VH(1,1,5)= 
7660 -1.12446E-01, - 1 .23479E-03, 1.77953E 05, 1.11214E 06, 
7700 g: -:E- ~ : ~ ~ ~ % - : ~ :  -7=8%-=: 
771 0 1.04358E-01, -3.71372E-03, e. 1072lE 05, -1.50750E 07, 
7720 1.21345E-01, -5.93831E-03, 7.70913E 05, -1.97004E 07, 
7 /so 
774 0 
7750 5.127306-02, -1.42472E-02. -2.86965E 04, -7.21942E 05, 
7760 -9.42849E-02. -2.18234E-02, 7.21754E 05, -3.44836E 07, 
7 7  / o  - 0 1 ,  - 
7790 9.73635E-02, -7.80591E-03, 1.28533E 06. 1 . 5 0 8 0 3 ~  a7, 
7800 3.01963E-01, -4.18113E-03, 1.13528E 06, 5.89881E 06, 
7810 3. m r - 0 2 ,  - , 11. I U. 1 
7820 1.19714E-02, -9.36824E-04, 0. I 0 .  
7830 5.97940E-03. -9.56666E-04, -9 34320E-04, -8.55197E-03: 
784 0 9.9S393E-01, -3.54395E-03, 0. I 0 .  1 
““““k!~&E-Ol, 7860 1.33626E-03, - 1  .2S366E 06. 3.64536E 06, 
7870 -7.48054E-01, 1 .75184E-02. 5.79284E 05,  -4.81769E OC, 
7880 - 1  .03730E-01, 1.29668E-02, -5.12506E 05, -2.74309E 07, 
zZ:-:;: :::ZE-:;: ;:rmz$ E: -:::ZE E: - 
- - 
-1 : Z o % - E :  -2 ;;:;;E z -;: z:ZTS: 
7660 -1.06133E-01, -:=E-:; iY-* I 0 .  1 - -  Lt-uz.  
- - 
;:=E;: -;:;:zE-::: -; = : :::.:zEg---- - - - 
- L- 
7780 -1.52090E-01, -;:%E-: ;:- ;:E% :7: 
- 
-;:;:E-::: :- -::LEE : -f:XS x:: - - - - 
7910 -1.38914E-0%. 1.41 139E-03, 1.95394E 03, -1.47522E 04, 
7920 -4.6579OE-03, 1.39984E-03, 3.78827E 03. -5.44847E 04, 
-=E-:?: -:’:%=, -;::;=: -“e= g: 
7950 -1.50414E-01, -4.04429E-03, -2.61739E 05, -7.31007E 06, 
7960 -1.5709BE-01, -2.70269E-03, 1.71566E 05,  6.79428E 06. 
7 9  10 - 
7990 -9.63229E-01 , 2.62653E-02, 0.  I 0 .  1 
8000 -3.0635aE-01, 3.26022E-02, 0.  I 0 .  1 
am0 - 116t-01 , 3.2596bt-02, 
8020 2.04103E-01, 2.76574E-03, 0. I 0 .  1 
- - - - 
- . .  
7980 a. ;;Ez: x: ::;E-::: :: ;;:z : :EE E: 
8030 VH(1,1,7)= 
8040 -1.17606E-01 , -4.94725E-03, 3.45418€ - 05, 1.59077E 07, 
7.36572E-E;: -:. :6%; 0”:: -47: %% :; 6060 4.17143E-01, . m4-- , J. - - __I
206 
8070 4.73693E-01, 6.66590E-03. -1.15723E 06. -3.44155E 07, 
8080 4.25129E-01, 2.77842E-03, -1 .50874E 06, -2.67173E 07, 
1.15425E OS, 6090 3.71243E-01, -1.11756E-03, -7.79580E 04, 
81 00 3.56779E-01, -9.38300E-04, -2.05178E OS, 1 .01447E '06. 
E;: -2: ;z;:;-:;: f : :45%4e:-:;: -::7z: E: 5z73: :;: - - -  
6130 -3.33708E-01. 4.2992GE-03, -2.54445E 06, 4.93225E 07, 
8140 -4.08840E-01, 8.66959E-03, -1.05177E 06, 2.49889E 07, 
%;: - ~ : % ~ ~ - ~ ~ :  ;:;=E-: :;$ E: ;=E :; 
6170 -6.23521E-01, 4.18431E-02, 0. . 0 .  1 
8180 3.80799E-01, 7.08250E-02, 0. 1 0 .  1 . m, {L- - -  - -  b.?SVS76k-UZ, 
- -  - - -  - 
- 
% -::=-:;: i .  18171E-;2: g: mJ't uL* 8 0 .  . 
6210 VH(1,1,8)= 
6220 -2.18343E-03, -1.43600E-04. 6.74745E 03, 6.01845E 05, 
:gE-:$: -Y::%E-z: ~ ' ~ ~ ~ & ~  GI - 4 6 : ~ % ~ ~  :: 6240 
6230 1.35027E-02, -1.21242E-03. -1.70015E 04, -6.42049E 06, 
8260 2.63972E-03, -2.01271E-03, -2.50089E 04, -6.16636E 06, 
~ ~ : ~ & % - ~ ~ :  -g:l:EE-;g; :::=E i:: ::48205E OS: 
6290 -3.38512E-02, -5.21647E-03, -1.33051E 05, -1.73598E 06, 
6300 -5.63970E-02, -4.61981E-03, 3.38SllE 05. -4.65670E 06, 
- -  - -  - - 
- -  - -  . - .  
-1.40804E-02, -0.66131E 05, -1,16053E 07, 
207 
8690 4.92966E-02. -1.91848E-03, 2.12569E 05,  -1,16530E 07, 
8700 3.12007E-02, -3.47745E-03. 5.72908E 04, -1.04617E 07, 
871 0 3.01536E-01, -8.02t84E-03, 0.  1 0 .  8 
8720 4 .  3585E-02, -3.55904E-02, 0.  . 0 .  1 
af ;Iu - 
8750 V H ( l , l , l l ) *  
8760 5.77356E-03, -1.08860E-04, -6.65321E 04, 1.40621E 06, 
a l f u  
8790 1.70898E-01, -4.86034E-04, 6.25227E 05. -1.40529E 07, 
8800 1.8751SE-01, -2.46277E-03, 2.50497E 05,  -1.65050E 07, 
B E n U  
8820 
8830 -7.43865E-02, -2.60679E-02, -1.46709€ 06, -2.37443E 07, 
6840 1.17544E-01, -2.52158E-03, -3.126SlE 04, 1.35649E 07, 
8860 
8870 -1.14477E-01, d.2382SE-03, -1.16676E 06, 3.25380E 07, 
8880 - 1  .658i9E-011 8.13723E-03. -5.12796E 05. 3.34717E 07, 
L U. , 
8910 -2.46758E-01, -2.55328E-02, -4.35042E-03, 2.33492E-02, 
- -- - - - -  
1 
8740 ; : : E m E - E :  : 4Jb-a 1 0 .  1 
6780 ;:- ;:: -:;: :E%: 0”:: -;:::7% E: 
F:ZZ-:;: -;:E2z-::: -:::;;z: 0”:: li:;zz Et: 
I ::::E-::: : Z E - Z :  -9:  b3% E: 1:434:2j; E: 
E;: -A: EE-::: -8: ;:Fez;: : , 0 .  1 
8940 ‘““i:&~&-o3. -3 .864aaE-w,  -3.sgo7iE w, 4.2ssseE o6. 
- -  - 
~ - - - 
- - 
- - 
8920 -2.49841E-01, 1.52206E-02, 0. 1 0 .  8 
8950 2.84501E-01, 5.32372E-03, -1.14884E 06, -2.38463E 06, 
8969 1.24924E-01. 4.09690E-03. 1.66541E 03. -1.467058 07, 
as JU 
8980 
8990 9.61349E-02, -2.45506E-03, -6.04761E 04, 1.8114SE 05, 
9000 7.50644E-02, -2.26147E-03, -1.46656E OS, 1.00291E 06. 
- - - - :=E-:; - ~ : ~ ~ ~ ~ - ~ ~ ,  - 1  -::;=E -1 :.=: 
::A: -::EZ-::: 4: %E-::: 4: ZZ- :: : : r - 
9030 -2.03800E-01. 1.51896E-03, -6.44906E 04, 1.96763E 07, 
9040 -4.92166E-02, 8.65945E-04, 1.94481E 06, -3.63668E 07, 
9060 2.33400E-01, - 7 . y x :  i : ; & g O k  -:=E :r 
9070 -1,98846E-01, 4.03927E-03. 0. , 0 .  8 
9080 -6.85991E-02, -4.96521E-02, 0. . 0 .  , 
1.4433m-01, - . .  - 
- - - - 1 , ~ ~ 4 t - 0 1 ,  
91 00 ::-E-:;: ;:246m 04, I 0 .  1 
9 l f U  VH(1.1.13)-  - 9t2d -2 .b462E-02,  -7.09232E-04, 3.31143E 05, 7.20080E 06, 
9150 -3.56247E-01. 1.23488E-03; -3.54628E 06; 3.17SObE 061 
9160 -5.15688E-01, 2.69139E-03, -2.34859E 06, 2.08160E 07, - 1- - 8 .  
9180 -6.38465E-01, 1.38672E-02, :::%Ez: - 9 . E 2  E: 
9190 -2.97909E-01. 3.  15508E-02. 9.  b0669E OS. 2.80668E 07. 
! 200 1.56154E-01; 4.03ClQE-03; 2.61554E 06; -6.04388E 07; 
9210 2.6677%-01, 
9220 1.63487E-01. 
9230 -6.27376E-02; 2.6C411E-03; -2.02925E 06; 5.27942E 07, 
9240 -2.396226-01, 8.90930E-03, -1.17434E 06, 3.96007E 07, 
-EL0 . -  - 1 0 .  1 
9270 -4.44076E-01, -9.28013E-02, -4.316496-02: 1.04887E-01: 
9280 -4.16420E-01, 2.30900E-02. 0. 4 0. 1 
3290  VH(1, 6 
9300 31i)&4E-01, 2.43814E-03, -8.02199E 06, 1.93135E 06, 
9260 -?: E&k:zi -f . E E - g E :  z :  0 .  
208 
9310 6.29585E-01, 4.84176E-02, -4.50673E 06. -7.20296E 07,  
9320 3.12261E-01, 2.83008E-02, -3.95620E 06, -1.02063E 08, 
9330 1.18341E-01, 1.31427E-02. -5.37194E 06, -6.66023E 07,  
9340 -1,363Q8E-01, 6.63829E-03, -5.36812E 06, -3.68644E 07, 
9860 -5.34985E-01; 1.85198E-02; -6.47760E 06; 2.96734E 07; 
9690 -5.72103E-02; 3.73935E-02; 1.67690E 0 5 ;  -4.35808E 06; 




9930 -2.07272E-01, 0.0463SE-03, -3.60123E 06, -2.914028 07, 
0940 3.894-E-01, 1 -67788E-02, 6.71787E 06, -2.26149E 06, 
0930 8.6SS86E-01, 1.59527E-02, -2.05782E 06, -6.03377E 07, 
9960 -4.40958E-01. -1.37905E-03, -7.26848E 06, -2.16903E 07. . V. . 
9990 3.14452E-01, -2 .331 17E-02, 1.0419SE-02: 3.19781E-01: 
p : ; : ; & E - 0 2 ,  -7.73115E-04, 1.53O26E 06, 1.51822E 07, 
10030 1.43279E-01, 1.10665E-02, -2.77044E 06. -2.68477E 07, 
10040 4.28485E-02, 3.67569E-03. 6.69870E 06, -4.03851E 07, 
4: - : : z r  1 .-=E i;: 
10070 8.51138E-01, -6.03422E-02, -1.70855E 06, 9.86712E 06, 
10080 3.34923E-01, -o.21016€-02, -3.44370E 06, 3.89747E 07, 
V - - -  
0980 :::;E:-:;: -;:;;E-::: E: 0 .  
10000 -5.24439E-03, 5.12635E-03, 0.  . 0 .  1 - 
- - - 
XE -::zz-:;: -; E -::: sz :: ;:E:;: i;: 
10140 ;:-:: ::Ex: ;: ;:- 
- - - - 
10110 -1.17659E-02, -1.04423E-02, 9.10701E 08, 5.233S2E 07, 
10120 -6.63707E-02. -1.28518E-02, -3.66450E 06, -1.92079E S7,  
m 3 0  
101  50 4.22956E-01, 3.36285E-02, 0 .  I 0 .  , 
10160 5.17771E-01, -2.47608E-02, 0. , 0 .  I - m b t - u l ,  
1 0 1  80 -2.67997E-01, 4 . 9 5  I60E-03, 0. 1 0 .  , 
10190 VH(1,1,19)+ 
10200 1.30447E-03, -5.01004E-06, -6.02076E 04, 6.59596E 05, - - . . .  % -;::E?4;-:r ;.z-:; : 
E -;:zE-z :E:;:-: ::E;% %: -;:E::: :E: 
10230 -1.37904E-01, 4.50067E-04, -2.92432E OS, 4.69011E 06, 
10240 -1.19359E-01, 1.00593E-03, 7.39792E Ob, 2.94928E 06, - - 
10270 2.50083E-01, -9.13756E-04, 2.78803E 06, -1.01064E 07, 
10280 -2.14437E-01, -3.63572E-03, 1.65111E 06, 1.40835E 07, m -:::;m=- 1.08755E iz: -s::gi% :; 
10310 -7.64575E-02,. -2.30819E-02, 2.31076E 06. -4.36577E 07, 
10320 1.69166E-01, -2.08757E-02, 1.81877E 06, 1.66349E O?, 
I 0 .  4 
10350 - 1 .93778E-02, 1.22341E-03, -2.63441E-03, 6.70793E-03: 
10360 -7.02990E-01, 1.52014E-02, 0 .  1 0 .  I 
- ( 1 . 1 . = J ) -  
- - 
- 02 1 - . -  
10340 -2.69858E-02, ; : ;Z;k-::: 0”: 1 0 .  
- 
10380 -5.2024SE-04, -6.72525E-OS, 2.61779E 03. 2.65847E 06, 
10390 1.36699E-02. 3.80643E-03. -1.49221E 05. -1.38496E 07. 
10400 -3.14436E-02; -1.96902E-03; -9.66779E Ob‘, -3.  W386E 07; 
10410 - b04t-01, - 
10420 -1.33893E-01. 
10430 - 1 .59672E-011 -1.61984E-02; 3.07129E OS; 2.08421E 06; 
10440 -2 .26640~-01,  -1.53774E-02, 1.03781E 06, 2.19074E 08, 
10460 -3.23069E-01 , 
10470 -2.93968E-02, -8.46665E-03, 6.18685E 06, 2.93204E 07, 
10480 9.59077€-02, , 5.78200E-03, -3.24374E 06, 7.62109E 07, 
S S L - : : :  f:3F8& : &: 
10510 1.36495E-02, -7.86598E-05, 0 .  I 0 .  1 
10520 -4.29572E-03, 2.37816E-04, 0.  1 0 .  1 
1 Ob40 6.26415E-01, - 1 ,29828E-02, 0 .  1 0 .  , 
3 .  f d / ’ B t - O l  , - 
-:=o: ::%E::: ::::s : - 
- - - 
0 - 1988t -03, 2 .36588t-04,  1 . 3 2 2  
210 
1 0 5 ~ 0  VH( 1 , 1,2118 
10570 0.19146E-03, 3.67559E-03, 1.17133E OS, -1.64916E 07, 
10580 -2.13565E-31, 1.56101E-03, -4.43713E 06, 3.48182E 06, 
10560 1.28132E-03, -2.73493E-05, -1.02671E 05, 2.03941E 06, 
zEF7Ezz: z::E-:;: ;.E%: :E: 2:%% z f ; :  
E:: -;: YzE-;:: 4: E;;;;-::: I I ASfZ :; ;:;:4% :: 
10680 : %;E -:; ; .;&:- Z E E  :;: : E 2  :E: 
10720 ~ : ~ ~ ~ - ~ :  -:.600,5E-::: "0:'"" . 0 .  1 
9 Z K - Z :  -: ZZE-::: ;::zE E: -: 7%: ;: 
10800 ;::E-:;: -: m 0 2 .  -2: :5% :2 ;:;:;z zfs: 
-; :%E-Z :: ::E:: A:E:G :; -1 :go=: 
10610 9.23863~-131 , - 2 . 4 9 4 9 8 ~ - 0 2 .  - 2 . 4 5 3 4 0 ~  06, 7 . ~ 6 5 3 1 ~  06, 
10620 5.57048E-01, - 1.71080E-02, -5.S5078E 06, 3.96762E 07, - -  
10650 -2.97160E-02, -1.86691E-03, 1.81622E 06, 3.48022E 06, 
10660 2.59797E-02, -5.01944E-05, -3.58628E OS, 4.64654E 06, 
f D b f U  - 
10690 -2.86710E-02, -3.48276E-03, 0 .  , 0 .  8 
1 0700 -3.47255E -02, 1.43735E-03, 0.  . 0 .  1 
m i u  - -  
10730 VH(1,1,22)= 
10740 -7.83249E-04, -7.30686E-05, 1.88423E 04, 4.09682E 06, 
7u13D. 
? 0760 
10770 1.43804E-02, -2.33140E-02, 1,31889E OS, -6.76934E 07, 
10780 -1.27199E-01, -3.03050E-02, 8.15292E 05, -4.49024E 07, 
TD I Y U  _ -  L ,  
10810 -1.lf435E-01 , - 1.83253E-02, 4.58573E 06, 1.04452E 07, 
10820 6.42924E-01, -1.70083E-03. -5.72128E 06, 6.21961E 07, 
- -  . .  
- . 4 d i J K k -  - -  - - -  
1 
- -  - 1  - -- 
10850 1.5513SE-01. 1 . 8 1  172E-03, 1 ,83564E 06, -3 .  75558E 07, 
10860 -1.92945E-02, -4 .  11625E-03, -1.57261E 06, -2.74509E 07, 
u z .  s m 6 € - o z ,  2 .531v/ t -u3 ,  U .  I 0 .  
10880 7.82389E-03, -3.65777E-04, 0 .  1 0 .  1 
10890 6.60086E-03, -3.58744E-04, 3.87239E-03, 4.95316E-03, 
10900 -7.48631E-02, 2.90616E-04, 0 .  I 0 .  
W ' ~ i ! i S L i E - O i ,  -4.2oomE-02, -2.43757E 07,  3.1e734E 09, 
-;:o;-o:;; : -;::E E: 
;:E-: ;::;:EYE: :: ZEE:; -7: ZE : 
L 
10930 -2.84942E-02, -1.06346E-02, 1.46759E 05.  7.13333E 07, 
10940 2.82173E-03, 4.3c912E-04, -5.19301E 04, -6.74423E 05, - - -  
10970 1,30504E-02, -2.74826E-04, -5.02931E 04, 1.35508E 05, 
10980 7.05503E-03, -1.27336E-04, -1.11455E 05,  7.49561E OS, 
0 
11000 
11010 1.48073E-03, 1.27125E-04, -4.43845E 03, -1.47507E 06, 
11020 -3.78157E-04, -1.80804E-OS, -1.37673E 03, 1.42879E 04, 
11050 1.26022E-02, 1.28864E-03, 0. , 0 .  1 
11060 -9.89320E-04, -2.09616E-05, 0 ,  I 0 .  1 - 1766E-02, 
- - 
x: -7:  :z;:-::: z :  A:KE-::: -;: 3E E: 7: r 
"'-: 11080 : . 2 f Z z :  E:-" 04, # 0 .  1 - . 3  . -  
11090 V H ( l , f , 2 4 ) =  
11100 -2.71932E-03, -5.49656E-04, -4.41595E OS, 4.70686E 07, zgz -1  : ~~~~-~~ : -: :&;%-:: : -7: 0%7:: :; 
11130 -7.02783E-02, -1.03461E-02, 3.03940E 06,  -1.07633E 07, 
1 t 140 5.26723E-02, -1.2187CE-02, 3.24148E 06, -1.71621E 07, 
- - 
E: -43: :-:; 4: ::E:-::: 
. ~ 
211 
1.56761E-01. -2.20481E-02, -1.05488E 06, 2.16887E 06, 
3.67466E-02, -1.62995E-02, -1.48987E 06, 6.09276E 07, 
1.10273E 06, 
,11470 8.88556E-03, 3.05128E-03. 3.93721E 03, -2.45551E 07, 
11480 6.93512E-03, -1.56331E-03, 2.52463E 05, -5.89063E 06, zz -%E-::: :::;z:-:;; ::zE-E z9;:: E: 
;::z::-:;: -;:EZ:: -zEzz: : :ZE :: 
7:xz-:;: -::;zzx: ; : E o :  :; ;:%E :; 
T:;: -P:  ;:E;-::: 4: %%-::; ;: 4u‘38E I 0 ,  I 
11660 Y: i :EE-g; :  -;.:E-::: ; ==: ;:EEz::: 
11510 -1.83787E-03, -4.71050E-03, -1.84712E 04, 1.43634E 06, 
11520 -2.85617E-02, -3.84131E-03, 1.06158E 05, 3.46023E 06, 
11540 
11350 -6.31052E-02, -3.45518E-04, -2.S3302E 06, 1.76773E 07, 
11560 8.03848E-01, 2.63822E-02, 6.82699E 06, 2.91600E 07, 
11580 
11590 2.92G89E-02, 4 . 6  1654E-03 , 0 .  I 0 .  4 
11600 -6.10017E-03, 1 I 34584E-OS, 0. I 0 .  # - b.  1ln/1c-’o3, 
- - -  
/V - - - - - 
11630 VH(1,1,27)8 
11640 -4.46971E-03, -1.09238E-03, -1.70359E 06, 1.14263L Ob, . .  
11670 5.63891E-01, 4.98442E-03, 3.07691E OS, 1.32479E Ob, 
11680 3.93030E-01, 2.1939SE-02, -8.32326E 06, 1.38993E 0 8 ,  
YO 
i : k : E E - g i :  l . 5 E - Z ; :  -7: ;=7: -3136723E gg: 11700 
11710 -5.91074E-01, 9,13877E-02. 2.39993E 06,  -7.67129E 06, 
11720 -2.29285E-01, 7.49332E-02, 7.24304E 06, -3.61007E 08 ,  
- . OL - - 
TTsd”: -:: K%-:;: -;:Zz::-::: -;: E% :E: -3: :E2 : - - 
1 1750 3.74487E-02, -1.31261E-03, 6.79812E OS, 2.00411E 07, 
1 1  760 -3  I 22644E-02. 3.02309E-03, - I  .47736E 06, 2.61!546E 07, 
L 0 .  I - 7;;: . -  ~:63;3:-0: ;:::E-:: - _ _  : I 0 .  , 
212 
11790 -1.63998E-01, 4.20347E-04, 8.92158E-02, -3.1651QE-01, 
1 1  800 s. 79801~-02, 3. e3027~-03, 0 .  I 0 .  I 
iieio S E N D  
118.00 ISUB. e, 
/ ktt-IGL3 S I A l l l ;  3 1 3  ) 
11850 XREF. 0. , 
11860 YREFS 0. I 
m / U  LKtrZ u. . 
iieao PTS= 
11890 21, -166.901, 0 .  I 0 .  , 
11900 22, -177.455, 0 .  I 0 .  f 
11920 24, -217.005, 0 .  I 0 .  I 
11930 25, -223.015, 0 .  I 0 .  I 
11940 26, -228.105, 0 .  I 0 .  I 
L I ,  - v ; rb55u  * ,  u. 8 u. 1 
11960 28, -237.915, 0 .  I 0 .  , 
11970 29, -25G.915, 0 .  I 0 .  1 
iigeo 30, -2ss.s55, 0 8  0 .  , 
* I  u. I u. I 
12010 33, -278.575, 0. 1 0 .  , 
12020 34, -172.156, 0 .  L 0. I 
33, - I Y 4  . r r n ,  u. u. 1 
12040 36, -201 ,040, 0. 1 0 .  . 
12050 37, -269.475, 0 .  1 0 .  I 
12060 XMOOES= 
U. u. 1 
- -  ~ 
z o  2 -;;:.;z, 0. , 0 .  I 
I D . ,  1 .  
12090 4351.0, 1.52823E 05,  IS., 0, 
12100 es41.4, 4.20520~ os, 15.' 0, 
12130 17010.9, 4.35692E 06, 15.1 0, 
12140 ie937.3. 1.36996~ 06, 15., 0, 
12160 24718.5, 2.40308E 06, 1 5 . ,  0, 
12170 27767.5, 1.99155E 06, IS., 0, 
12180 28989.2, 2.40350E 06, 15., 0, 
l a . ,  u, 
12210 39415.9, 3.10641E 07, 15., 0, 
12220 43312.3, 1.44536E 07. 15., 0, 
. I  1 5 . '  0 ,  
12250 53499.2, 7 I 37532E 06, 15., 0, 
12260 54900.8, 1 I 30214E 07, 15.' 0, 
1zz7u- 1 5 . 8  0 ,  
12290 71143.9, 1.71715E 08,  lS., 0, 
12300 74501.5, 3,53742E 07, lS., 0, 
* I  1 3 . 1  01 
12333 79499.1, 2.18467E 08, IS., 0, 
12340 VH(1 , 1 , 1 
0 
12360 : : ~ : ~ ~ ~ ~ 2 - ~ - ~ . ~ 7 2 - ~ ~ ~  -:=E 
12370 s.52484~-01, -e0eo2eoE-o3, 1.339E2E 04, 6.10279E OS, 
12380 4.71475~-01, -e.70364~-~3, 1.23607E 04, 4.90747E OS, 
90 
! 2400 
E;: 1;:;:;: ;:E;;; 2 15., 1, 
F1;: ;%:A: ;:E:;;; E: l S . ,  0 ,  1 3 . .  i 
21 134 * I ,  2.2S5bSt Ub, 1 3 . .  u. 
E% ;Es:;: ::::E :;: lS., 0, 
E o  ::E:, :;%E 2 15., 0.  
12280 z::: " 2 E f Z : A :  E;: IS., 0 .  
E: ;%;*;, ZEZ E;: lS., 0 ,  
" - , I  - 
21 3 
12410 3.21301E-01, -8.56775E-03, -3.59912E 02, 2.35667E 03, 
12420 2.92863E-01 , -8.54820E-03, 3.57646E 02, 1.77274E 03. 
12430 1 I ??727E-01, -8.48683E-03, 8.69749E 03, 1.41783E 05, 
12440 1.45026E-01, -8.471582-03, 8.4668QE 03, 1.03461E 05, 
12460 
12470 -4.27756E-02, -8.32638E-03, 7.49549E 03, 1 .  ?7254E 04, 
12480 
"'E-:;: 12500 -:: & % ~ - ~ ~ :  -:'36!582E-04: i: 876CBE-Od: 
x n - : ; :  :::: %: ;::%E :: - -  
8.67363E-01, -8 .89045E-03 ,  0 .  s 0 .  1 - -- 
12510 3.05529E-02, -8 .34  156E-03, c .  0 O .  1 
12520 VH( ' ,1 ,2 )=  - - * 'mm, 
12540 &: ~ ~ ~ ~ - ~ ~ :  -'5. k 6 6 E  02, 7 :  Ezx---- 
12550 -2.06096E-01, -8.36568E-03, 1.42434E 03, 1.30119E d6, 
12560 -2.83383E-01 , -8.12734E-03, 3,17095s 03, 1.28493E 06. 
12580 -3.72595E-01. - ; . ~ ~ ~ ~ - ~ ~ :  ::=E : ~ : ~ b g ~ ~ ~  g: 
12590 -4.22001 E-01 , -7.67375E-03, 1 ,33967E 03, -4.20868E 03, 
12600 -4.47680E-01, -7.62796E-03, -2.82083E 03, -2.57957E 04 ,  
E;: 4: ;E;:;-:; : -;:18987E-03: 21:: ::::= &: 
12630 -6.10956E-01, -6.80933E-03, 3.96911E 04, 9.06997E 05,  
T2bW 1 .  lbDULlt U D ,  
12640 -8.51 173E-t11 -6.39303E-03, 4.33105E 04, 5 75911E OS, 
12670 -9.64454E-02, -8.58004€-03, 0 .  1 0 .  
12680 -1.50417E-01, -8.57278E-03, 4.607?S€-0SJ -9.83256E-05: 
Tzbru b. 4 3 m - ~ l 1 ,  b . m t - I J 3 ,  u. 1 U. 1 
12700 VH( l ,1 ,3 ) *  
1271 0 2.14681E-01, - 1 I 08Q90E - 02, -6.37333E 04 , 2.  b2208E 06, 
3.82022E-03, -5.49181E-03, -1.31343E 03, 1.20760€ 05, 
l T / W  1;- - -  _ -  12720 
12750 -1.67839E-01, 5.56411E-04, 1.18697E 05,  1.2S347E 07, 
3.41572E-03, 2.32020E 03, -6.2069SE 03, 12760 -1.6543OE-01, 
- - r : % Z 6 ~ - ~ ( ;  ~ : ~ ~ % O ; - & :  - ; : ;508OEZ -::;:E& g: 
12790 - 1 I 83097E-02, 6 I 95566E-03, 1.61386E 05,  8.80139E 06, 
12800 2.93175E-02, 7.79503E-03, 1.61163E OS, 0.00977E 06, 
m 1 0  1 . w m .  - 
12830 3.74453E-01, 1,18813E-02, 8.98956E 04, 1.52984E 06, 
12840 3.45367E-02, -5.64247E-03, 0 .  I 0 .  4 
- ~ : ~ % ~ - z ~ :  -;:= -::32787E-05: ::09201E-03: 
12870 3.20578E-01, 1.21081E-02, 0 .  1 0 .  1 
bS.;mrr/t-u1, - a .  
- 
-- - 
12660 E :  ::J2b9:-vo;: -;:EEE-::: ;: 04' 1 0 .  I 
12740 - 1 ,72625E-01, -:: ;;E-k-::: 7: E%: E ;::FOE :; 
- .  
12820 2.53187E-01, 7: ;%:-:;: ; :Eo;:: "0; :r 
- 
12880 VH(1 ,1 ,4 )=  
1 - g : :  ::m: -::Z:z z: - 
12910 2.58307E-02, 4.92407E-03, 8.21173E 05,  8.52753E 06, 
12920 1.43731E-01, 5.64988E-03, 7.96403E 05,  8.06420E 0 8 ,  
-E-:;: Z::;EE-Z:; -;:=E :: ::zzk : I 2940 
12950 3.21165E-01, 3.10608E 73, -4.33492E 04, 1.69797E OS, 
12960 3. S9708E-01 , 3.06734E-03, 8 I 92473E 04, 7 .81  863E 05 ,  
10 
12980 
12990 2.74263E-01, -8.78029E-03, -2.06952E 0 5 ,  - 1  I 27508E 07, 
13000 8.28274E-02, -1.341 1SE-02, -2.77655E 0 5 ,  -1.00b13E 07, 
- 
:: ;;E:-:;: -:  ; ; z ; : n  E: 4: %E :; - - - 
- E;: -::::E-:;: :::E::-:::  - . -  :-m - 1 0 .  06: 
214 
P i 
13030 -7.7t397E-02, 5 .051 25E-03, 0 .  1 0 .  
13040 -4,60108E-02, 5.04989E-03, 5.871 78E-03, - ,28772E-02: 
13050 .1.06134t-01, -1.60689E-02, 0.  1 0 .  1 
13060 V H ( l , l , J ) =  
u 
13000 ;:z;::-:;: -;:%z-Z -:GEE ;3:: ;:s42: E: 
-7:ZEEG: -:6%4: E: ;:o% z: 
13090 5.59418E-02, -1.50387E-03, 8..53657E OS, -7.34753E 36. 
131 00 1.04358E-01, -3.71372E-03, 8.10721E 05, - 1  .Sn7SOE 07, 
131 20 1.53795E-01, 
13130 7.46016E-02, -1.20173E-02, -3.36289E 04, 3.98296E 05, 
5.12730E-02, -1.42472E-02, -2.86965E 04, -7.21942E O S ,  
7-4 I 3 0  - z * I WdUrrt 'UY, I. ZI 134 13140 . t 03. 1 
13160 -1.75904E-01, -2.46911E-02, 7.69874E 05, -3.6965; 
131 70 - 1.52090E-01, -1.93737E-02, 1.25217E 06, 2.3783 
13180 9.73635E-02, -7.80591E-03, 1.28533E 06, 1.80803 
u 0.aQBBTi 
13220 5.9794OE-03, -9.56666E-04, -9.3432OE-04, -8.55197E-03: 
13240 VH(1.1.6): 
13250 S.94602E-01 , 1.33626E-03, -1.29366E 06, 3.64536E 06, 
13260 -7.48054E -0  1 , 1.75184E-0?, 5.79284E 05,  -4.81769E 06, zkz -:: G-::: A. 36956E-%: -:: A z 5 ,  -:=E :$: 
13290 -2.56256E-02, 5.56690E-03, -4.54164E 05,  -2.08552E 07, 
13300 -1.38914E-02, 1.41149E-03, 1.95394E 03, -1.47522E 04, 
u - .  - 
- 
13200 ::E:::-:;: -48.;2z-z: ;I: 1- Uba 1 0 .  1 
13210 1.19714E-02, -9.56624E-04, 0 .  I 0 .  
rr,gmg3t-ul,  d . 3 3  
=, -. . LyC.r,?5k- 
- . .  E;: - 7 :  :;;E-&: :: Zz-::: -;:4%;: :; -:.;::z 2 
13330 -1.12833E-01 , -3.17239E-03, -3.22862E 05, -8.86319E OL, 
13340 -1.50414E-01, -4.04429E-03, -2.61739E 05, -7.310C7E 06, 
-;:;;%E-&: ~ ; ~ % ~ ~ ~ - ~ ~ :  ; : 8 Z E  :: ;:&:- 
13370 4.02365E-03, 2.17926E-03, 3.27361E OS, 4.05089E 06, 
Cz-:;: :.=-E: ::74352E-C2: -;:65259E-O1: 
13420 V H ( l , 1 , 7 ) =  
13380 -9.63229E-01, 2.62653E-02, 0 .  1 0 .  8 
13410 2.04103E-01, 2.76574E-03, 0 .  , 0. 1 
- .  J - . >  
J - Ot-ul,  E2 - ; : ; E E - 0 1 ,  ;:7%-: ;:Ex: z: -;:E% :;
13480 3.7'243E-01 , -: EE-;:: "EE a": 7:%2% :; 
13450 4.47143E-01, 1.36572E-02, -6.169COE 03, -4.17116E 07, 
13460 4.73693E-01, 6.6G598E-03, -1.15723E 06, -3.44155E 07, 
7 3 4  I O  4 , Z ~ : - O l ,  - 
13490 3.56779E-01, -9.38300E-04, -2 .051 78E OS, 1.01447E 06, 
13500 2.94979E-01, 2.44578E-03, 3.23967E 05, 3.02975E 06, 
z 2 :  ~ ~ : ~ ~ ~ k - ~ ~ :  A.29926E-E:: :: a E: 43:6E2;k E$: 
13530 -4.08840E-01 , 8.66959E-03, -1.05177E r?, 2.49889E 07, 
- ,63=- 
13540 -3.55561E-01, I . ~ o ~ ~ ~ E - o P ,  - 4 . 7 7 7 6 7 ~  os, 2 . 7 9 4 7 3 ~  07, 
13570 3 . e 0 7 9 9 ~ - 0 1 ,  7 .0e250~-02 ,  0 .  I C  
13580 8.26058E-01, 7.09077E-02, -2.13531E-02, 6.59976E-02: 
2 . 3 a - 0 1  , 2. 171 t - 0 2 ,  0. 1 0 .  1 
13600 V H ( l , 1 , 8 ) =  
13610 -2.18343E-03, -1.436OOE-04, 6.74745E 03, 6.01845E OS, 
13620 -1.37198E-02, 4.64072E-04, 2.51777E 04, -4.14660E OS, 
n630 -1 .31FB/t -09,  L ,  ~ : ~ ~ ~ - ~ ~ :  - 1  -2I242E-03, -::=E - i : z04% : 13640 
- 4;- EE -::Ez%-:;: : : ; : Z E m  I :.3d1-7: 
- 
21 5 
13650 P.63972E-03, -2.01271E-03, -2.50089E 04,  -6.16636E 06, 
13660 -5.96328E-03, -3.46993E-03, 4.02223E 02, 6.22465E 04, 
13670 -2.80471E-02, -3.432SE-03, 8.28692E 03, 1.4a2C-T 0 5 ,  
13680 -5.38512E-02, -5.21847E-03, -1.33051E OS, -1.73398E 06, - - * h  E r n 7  - Z E  -:::::;::-:;: -:,2& :.=E 0 5 ,  -:::;:5% :: 
a I 0 6 2 E - 0 ; :  b*2¶3t 1 0 .  4 
13710 6.38105E-02, 1.63318E-03, 7.06641F 05, 2.4658UE 07, 
13720 3.252648-01 , 1 I 07170E-02, 3.8465OE 05, 1.82400E 07,  
* J m -  - U3r V I ,  
13750 1.80942E-02, 5.82219E-03, 0. I 0 .  1 
13760 3.47088E-02, 5.82909E-03, -7.48084E-03, -4.10868E-03, 
1 U. 1 
13790 -2.22800E-02, -2.80029E-04, 1.23472E OS. 9.26716E Ob, 
1380C 1.36868E-01, 4.9146SE-OS, -2.00902E W5, 6 51707E 0 5 ,  
-?::=: - ~ : & ~ ~ ~ ~ - 0 3 ,  -; :~~~~~~ :E; -i:i;gg:k :; 
13630 -2.59999E-01, -3.237501 -03, -9.69581E 05, -1.24441E 36, 
13840 -3.71971E-01, -3.28900E-03, 1.20218E OS,  -7.79490E 04, 
13860 -4.91 01 8E-01, * ~ : ~ ~ ~ ~ k - : ~ :  :.E iz: -;:=E ;f3: 
13870 -1.5961 1E-02, 2.62540E-04, 2.32962E 06, -7.94586E 06, 
13680 1.13371E-01, 1.76439E-04, 2.27644E 06, -1.87155E 07, ::v-1,04=:: ::=E %: -g:g%ik i;: 13900 
1391 0 9.51926E-02, -1.52564E-02. 1 ,40928E Ob, -3.O9884E 07, 
13910 -3.23768E-01, 1.94220E-02, C . I 0 .  1 
13940 A : :&&E-:: 1 :. 06%-:: i:  40803E-02: 'I: 35257E-01: 
13950 3.98582E-01, -2.06693E-02, 0. 1 0 .  1 
13960 VH(l,l,lO)= 
T 3 Y f U  
13990 1.34653E-01, 4.06295E-03, -4.30635E 05,  -2.52254E 07, 
- b3/t'V1 , I - 4 8  ImFlJZ, U.  
13780 V H ( 1 ,  ,.9)= 
-. . -. - .  
- -  but&-VI, 
- - -  - -  ~ 
- .u5 - - 
13980 5 : 0b::;s: - :; I: E2-2 2". E E  E: -;:%E 0";
z 2 :  2. :E:-:; -2: E: 1.68177E 03. ---TEE E;: 
E: -=E: ;:z-::: ::G : v 
14100 ;: Z E - E ,  -*.02z-::: : I 0. 1 
U . m I b t  U3, c 
14000 1.07002~-01, -9.4a765~-05, -7.38934~ os, -2.01240~ 07, - * -  
14030 -3.67229~-r,. -4.27618E-03, 1.98154E 04, 3.05906E 05, 
14040 -1.77695F-01 , -1.40804E-02, -0.66131E 0 5 ,  -1.16053E 07, - 
14070 4.29077E-02, 2.28189E-04, 3.63277E OS, -9.73023E 06, 
14080 4.92966E-02, -1.9184PE-03, 2.12369E 0 5 ,  -1.15: SOE 07, 
- ,  - m a -  4 ,  - 7  . r  c l 7 E  O I L  
:4110 4.40585E-02, -3.5590AE-02, 0 I I 0 .  1 
Trim- 1 * o m - 0 1 ,  5 .  a m - 0 3 ,  9 .  I 0 .  8 
14140 V H ~ l , l , l l ~ =  
14150 3.77356E-03, -1.08860E-04, -6.65321E 04, 1.40621E OB, 
14160 2.7916%-01, 1.22559E-03, - 1  .Ob193E 06, 1.46731E 06, 
m110 
14190 1.87515E-01, -2.4t177E-03, 2.50497E OS, -1.65050E 07 ,  
z 2 :  -;,%E-:;: ;:A%:-:: -1:;6FE :36: -::%: z?; 
14230 1.17544E-01, -2.52158E-03, -3.1265lE 04, 1.35649E 07, 
14240 1 I 0606%-01 , -1.31958E-03, -2.67602E 05 ,  1.47543E 07, z: -;:EEL::; " v -..16676E g: ::;% &: -- 
14120 -1.79991E-01 , -3.56322E-02, 4.43653E-02, -1.56004E-02, 
14180 ::;::%E: 4: :x:-::: ::2E7i :: -7::ZE 2 
14200 2.25576E-01, -7.62610E-03, -1.31475E 05, 4.64152E 05, - . I '  - 
-w 
~ _-* - --  . ---- -- _- -  
216 
OF,I' sir - 1 , u? .I-.- : r-. st 3 
OF POGR QUfrLlW 
If i .-- 
14270 -1.65OtOE-01, 6.13725E-03, -5.12796E 05, 3.34737E 07, 
14280 -1.28989E-01, 6.14888E-04, 0 .  . 0 .  , 
14290 -8.57900E-02, -2.54658E-02, 0. 1 0 .  I 
U L . m  1 . 3 ~ b t - ~ ,  U. 1 U. 8 
14300 -2.467586-01. -2.55328E-02, -4.35042E-03, 2.33492E-02. 
14320 VH(1,1,12)= 
14330 1.02496E-03. -3.86488E-04. -3.59071E 04, 4.2555 E 06, 
14340 2.8450lE-01, 5.32372E-03, -1.14884E 06, -2.38463E 06, 
;:=-::: :=E-: -;:rG% ig: -;:::E i;: 14360 
14370 1.22701E-01, -4.43544E-04, -6.20305E 05,  -1.21120E 07, 
14380 9.61349E-02, -2.4550FE-03. -6.04761E 04, 1.81 145E 05,  
U - 
I .  3ub44L -UT - Z  . Lb I4 /L- U3, - - a  bb3bt U3, 
14400 3.40453E-02. -1.68234E-04, 1.57017E 03, 1 :;E% :: 
1441s -2.0024SE-01, -8 .7COOSE-05 ,  -5.31215E 05, 1.84852E 07, 
14420 -2.03800E-01, 1.51P96E-03, -6.4490GE 04, 1.96763E 07, 
W b b t - U Z ,  6 .65943t-U4 I x a a a T E  Ub, - U I .  
14440 1 .44551E-011 -5.09298E-03, 1.77351E 06, -5.22487E 07, 
14450 P. 33400E-01, -1.14901E-02, 8.25340E 05. -5.43533E 07, 
14460 -1.98846E-01 , 4.03927E-03, 0.  1 0 .  I 
- 3 :  izFE-::: -1: ~ % ~ - ~ ~ :  ;: 2464OE-04; 1.09064E-01 , 
14490 4.00737E-01, -2.32687E-02, 0. 1 0 .  I 
14500 V l i ( l , l , l 3 ) =  
14520 ;:=E-: -'r:;% "0: -:::E i;: 
14530 -3.53280E-02, 3.31517E-03, -4.35954E 06, -3.43543E 07, 
14540 -3.56247E-91, 1.23388E-03. -3.54628E 06. 3.17505E 06, 
u. 
U - 
U I ,  . -  - 
14560 -7.91958E-01, CZEL:;: ZEE "0: -:::E : 
14600 ;: ;:E;-:; : -:. z;,":-;:: ;: bo;;:: E: -;: E 5 :  z: 
14570 -6.3846SE-01, 1.38672E-02, 1.47026E 06. -9.34188E 06, 
14580 -2.97909E-01, 3.15508E-02, 9.80669E 05, 2.80668E 07, - . .  
14610 1.6346lE-01 , -2.92261E-03, -1.67894E 06, 3.69125E 07, 
146PO -6.27376E-02. 2.G0411E-03, -2.02925E 06. 5.27942E 07, 
%;rU 2.3V6Rt-OII e .  sdJbt-ua, 1 . 1  /m4t Pb. o . v t m n t  u7, 
14640 -4.381 17E-01, 2.19233E-02, 0 .  . 0 .  I 
14650 1.40968E-01, -9.26286E-02. 0 .  I 0 .  I 
14660 -4.44076E-01, -9.2R013E-02, -4.31849E-02, 1.04887E-01, 
0 .  , 3. I 
14680 VH(1,1,14)= 
14690 3.90274E-01, 2.43814E-03, -8.02199E 06, 1.93135E 06, 
14700 6.2958%-01, 4 .84 176E-02, -4.50673E 06, -7.20296E 07, 
0 - 
0 3.12ZblE-01, 
14720 1.18341E-01, ::::E:-::: -: '3%: : 2 X o ; : :  E: 
14730 -1.36308E-01, 6.63829E-03. -5.36812E 06, -3.60644E 07, 
14740 -6.07385E-01, 1.23807E-02, 6.59574E 05, -1.75157E 06, - 1Yt 07, T,:: -2 E;:-:! : ; : % E - F m  o:, 1.85315E 07, 
14770 -6.52261E-02, 2.73649E-03, 2.45761E 06. -3.63086E 07, 
14780 6.70377E-02, 9.58862E-05, 2.47342E 06, -4.86735E 07, 
14800 :: ::62k :; 
. - ,  
90 
14810 -1.03902E-0iJ 7.61102E-04, -9.50084E 0 5 ,  2.01104E 07, 
14820 9.38110E-01, -4.42073E-02, 0 .  8 0 .  8 
30 - 851E-01, I .  5maf-o-02, 0 .  0 .  
14840 5.39595E-02, 7.52899E-02, 9.76582E-01, 7.95491E-01, 
14860 VH(1,1,15)= 
14880 





iaaso 1.68374E-01, 8.83626E-03, -9.B6441E 03. -3.07026E 07, 
14900 1 02403E-01, 2.74176E-03. -1.92087E 06, -2.75611E 07, 
14910 -8.41002E-03, 8.65596E-06, -2.13301E 06. -1 .56124E 07, 
14920 -2.09043E-01, 2.00630E-03, 2.39231E 05. -4.62615E OS, 
14940 - 1 .  55372E-01. 
14950 -3.19783E-02, 3.79682E-05, 1.17732E 06. -8.87088E 06, 
14960 1.44227E-02, -4.16940E-04, 1.27lMOE 06. -1.45998E 07, 
T49 IV 
14980 
14990 -5.31 128E-02, 1.14929E-04, -5.42054E OS.  0.08736E 06. 
-l::AEE-XA: : ",:56',-:;: -;: 85464E-03; : 87491E-01: 
- 41t-u1, - - ;:Zz-::: -;:E;: E: ;:;E2 : 
;: X E - Z ;  : : Z : k - ~ :  -:::zz : 5: 12;; :E: - -  
1 5000 2.44892E-01, -2.41J92E-02, 0. I 0 .  , 
15030 -6.17626E-02, 3.21297E-03, 0. * 0 .  1 
- -  - 
15040 VH(l,l,l6)= 
;:;5459E 05: -1:96157E 07: 
15070 -2.44398E-01, 9.64697E-03. -4.72482E 06. 1.73793E 07, 
15080 -4.23547E-01, 1.64043E-02, -2.02195E 06. 4.34775E 07, 
- ~ : ~ ~ O ~ - ~ ~ :  ;:%;',-::: ;:::=E E: . -:A:% ",: 
15110 -1.04342E-01, 3.34063E-02, 1.10841E 06. -1.55439E 07, 
15120 6.7473SE-02, 1.13230E-02, -9.09714E 05. -2.11327E 07, 
TSI 3U 
::583&-::: ;)::06.$: 15140 
15150 -6.55526E-01, -1.36148E-02, -5.09073E 06, 4.01523E 06, 
15160 -7.67344E-01 -9.00441E-03. 3.25542E 06, 3.27880E 07, 
- - - 
l 3 1  I O  4 .  U--Ul, L .  bBVllt-OJ. b.3- Uti. - -  U I ,  
151 80 1.42877E-01, 4.34713E-03, 0. * 0 . .  1 
15190 1.07141E-01, -5.29869E-03, 0. I 0 .  
15200 7.43258E -02, -5.25654E-03, 4.4234 1E-05, 2.90952E-02: 
7.521 D d .  3 b l Z Z t - m m S t r t - O Z ,  U. I 0 .  , 
15220 VH(1,1,17)= 
15230 -5.37854E-02, -1.13185E-03, 1.64159E 06, 2.15377E 07, 
15240 2.00853E-01, 1.99454E-02, -2.67299E 06, -4.59547E 07, 
E2 :::v-::: -E:- f:;:: :; - - 
15270 -4.12002E-01, 3.33706E-02, 2.32413E 06, 3.23168E 07, 
15280 -5 72103E-02, 3.73935E-02, 1.67690E 05, -4.35808E 06. 
15300 
15310 1.00606E-02, 9.26073E-03, -4.13298E 06, -4.29428E 07, 
15320 -2.07272E-01, 4.04635E-03, -3.60123E 06, -2.91402E 07, 
m 3 0  3.89464t-01, , - .  
15340 8.65486E-01, 
15350 -4.40958E-01, -1.37905E-03, -7.26848E 06, -2.16903E 07, 
15360 4.06338E-01, 2.53751E-02, 0. I . 0 .  8 
T53 10 4.5999Zt-01, 2.3518 - 
15380 3.14452E-01, -2.331 17E-02. : 18781E-01: 
15390 -5.24439E-03, 5.12635E-03, 0. I 0 .  1 
15403 V:1(!,1,18)= 
:: x :;: ::%E-::: ;:;E: 2 -;: v - - - 
; ::E;:-:;: 4: O A E k  : -:: ;:"7: :; 
n410 - - 
1-30 4.28485E-02, 3.67569E-03, 6.69870E 06, -4 .03851E 07, 
15440 4.89581E-01, -9.94316E-03, 3.59349E 06, -9.02048E 07, 
m450 I .  
15460 
15420 : :zZ- : : :  :: ;EE-:: -2 5%: E: 4: :EE-z: 
15470 3.34923E-01; -5.2101CE-02; -3.44370E 06, 3.89747E 07, 
15480 -3.64077E-01, -1.9272SE-02, -1.30419E 06. 3.38487E 07, 
m 4  90 - 84t 06. f.90403t 07. 
15500 -1.17659E-02, -1.04423E-02, 9.10701E 06, 5.23352E 07, 
15510 -6 63707E-02, -1.28518E-02. -3.b6450E 06. -1.92079E 07, 
15520 -5.16992E-01, -1.76226E-02, 9.78846E 05. 3.41696E 07, 
15530 2.62429E-01, -5.21203E-03, 4.692118E 06, 3.39454E 07, 
15540 4.22956E-01, 3.36285E-02. 0. 1 6. * 
3. I I r l f t - u l ,  - -  O V O t  -uz, u. u. 1 
15560 3 .65224~-01 .  -2 .44e38~-02 .  -7 .80533~-03.  -1 .33486~-01,  
15570 -2.67947E-01, 4.95160E-03. 0. 0 .  1 
15580 v H ( l , l , l 9 ) =  
r n y u  1.3ma7E=m. - Qt-Vb. - I b t  04. b.  &i39bt u3. 
15600 1.58221E-03, 1.43969E-03. 7.37522E 04,  -5.28104E 06. 
15610 -5.62334E-02, 3.9022CE-OS, -1.53015E ?6. -4.62624E 06, 
15620 -1.37904E-01, 4.50067E-04. -2.92432E 05. 4.69011E 06, 
=&: -:3- A::-=: -:.72765E ::I 
15650 -7.05886E-02, 3.26033E-04, 4.82451E 05, -2.66986E 06, 
15660 2.50083E-01, -9.13756E-04. 2.78803E 06. -1.01064E 07, 
1 U3, 1 . b a r n  Ub, l . U u m 5 t  U I .  
1 5680 -0.02800E - 02, - 1 .52563E -03, 2.90079E 06, 5.434 1 3E OB , 
15690 -2.07587E-02, -1.09386E-02, i . oe7ssE 06. - 7 . 5 9 5 2 4 ~  07, 
15700 -7.64575E-02, -2.30819E-02, 2.3107CE 06. -4.36577E 07, 
l?5/1u 1 .  bS166k-01 ,  -- I 3  I t  -c;z, I .e- o r ,  
15720 -1.53240E-02. -1.97817E-03. 0. . 0 .  1 
13730 -2.69858E-02, 1.24017E-03, 0. . 0 .  
0 , 1. S Z O l S t - m ,  U. . U. 1 
- - - .- 
T5b I U  -- - - -  
1.22341E-03, -2.634d E-03, 6.70793E-03. -- 15740 -1.93778E-02. 
15760 VH( 1 ,  1 ,201. 
15770 -5.20245E-04, -6.72525E-05, 2.61779E 03, 2.65847E 06, 
15780 1.36699E-02, 3.80643E-03, -1.49221E 05. -1.38496E 07, 
- 
E E  -7:EZ-E:; 4:- E: -;:E :; 
::zz-:;: -:.&E-::: ::xz : -::;:zE ::I 
7:;EE-z: -;:zE-E- ;- 
- - - - - 
is810 -1 .33e93~-01 .  -e .97125~-03.  1.03137E 06. -1.88123E 07. 
15820 -! .59672€-01, - 1  61984E-02, 3.07129E 05, 2.08421E 06, 
U 
15840 
iseso -3 .23069~-01,  -1.46480E-02, 4.53815E 06. 4.40903E 07. 
15860 -2.93968E-02, -8.46665E-03, 6.18685E 06, 2.93204E 07, 
15880 
15890 -7.19922E-02, 2.08493E-02, 4.92383E OS, 9.28470E 06, 
15900 i . 3 6 4 9 5 ~ - 0 2 ,  -7 .  e6=96~-0s,  0 .  1 0 .  1 
1 5 ~ 0  -2. e i g e e ~ - 0 3 ,  2 .36388~-04 ,  7:32392E-03: -7:69408E-02: 
15930 6.264 15E-01, -1.296286-02, 0.  I 0 .  1 
15940 VH ( 1 , 1 , 2  1 ) = 
- - I . .  1 
0 0 .  a m - o z .  - 1 .e201 2E -01 , 
- 03, 2.3 Ib I bt - 04, 
- 
0 
1 .2m- 03, 2.73m3Fm. . .- 
15960 8. l9146E-03. 3.67559E-03. E% E: -7.L-zxE :; 
16000 ‘0: ::::;E;: -;::E:-:;, -;.:::;;: ::I ;:&;E ::I 
160% - ~ : ~ ~ ~ 6 ~ - : ~ :  -?::%-::: :::E :E: ;:E:& :
15970 -2.13565E-01 , 1.56101E-03, -4.43713E 06, 3.48162E 06, 
15980 -3.75929E-01, 5.27423E-03, 2.99669E 05, 2.20776E 07, 
-73990 - - , - .  
16010 5 .  5 7 0 4 e ~ - o i ,  -1.71080E-02, -5.55078E 06, 3.96762E 07, 
16020 -3.09407E-02. -2.82757E-03, -1.19297E 06, 2.64379E 06. mu - 
16050 2 .59797~-02 ,  - s . o I ~ ~ ~ E - o s ,  -3 .5et52e~ 05 4.64654E 06, 
16060 -3.50127E-02, i . 3 5 9 5 7 ~ - 0 4 ,  - 2 . 9 7 3 1 3 ~  os. e.  i e e e i ~  06, 
2 . 7 m m E  05,  4 . 1 5 m t  06, 
0 .  . 0 .  
6090 -3,47255E-02; 1.45735E-03; 0 .  I 0 .  1 

















































i130 -7 .8324s-M.  -7.30686E-05. 1 . W 2 3 E  04. 4.0S602E 06, 
1140 l.79580E-02, 6.56251E-03, -2.68071E OS. -3.51213E 07. 
i150 9.53285E-02, -8.9228SE-03, 1.48683E 06. -a. 14487E 07, 
'1 60 1.438WE-02, -2.3314OE-02, 1.31889E 03. -6.76934E 07, 
7 m  - - - 
1100 
i190 6.86949E-02, -6.64819E-02, -4.85741E 06. 7.53374E 07, 
'200 -1.17435E-01, -1 .83253E-02, 4.58573E ob. 1.04452E 07. m - - 
I220 :.:E&-::: ;&E-::: -? Olb47L 07: 1:03729E OS: 
1230 - 1 . WOSSE-01, 7 .  S6587E-04, 0.90689E 05, - 1 .55026€ 07. 
8240 1.5513bE-Ol , 1.81 172E-03, I .  63S64E 06. -3. M558E 07, 
'25p - U f .  
1260 x:xQFE-z: 42: :5EE-::: a 0 .  8 
8270 7.82389E-03, -3.65777E-04, 0. I 0 .  8 
,280 5.60086E-03. -3.58744E-04, 3.87239E-03, 4.95316E-03, 
zm - - . L.  Y U b i b t - W .  u. u. 1 
,300 VH(1.1,23)s 
8310 -2.03195E-01, -4.20088E-02, -2.43757E 07, 3.18734E 09, 
,320 -2.04942E-02. -1.06546E-02, 1.46759E Ob. 7.13333E 07, 
3 3 U  
1350 -3.01905E-03, 2.73104E-04, -7.26085E 04, -3.44882E Ob, 
~ 5: : o z - : ; :  -3: EE-E: -x: EzE-z-Zz x;: - - 
- - . .  
- - - - 
,340 F F 7 ; E : E :  03: :::;zz: 1: =E z: 2: 
,360 1.30504E-02, -2.74826E-04, -5.02931E 04. 1 .35508E 05, 
%: - i : m Z E - z :  -:::=E z: -:=E z: 
1390 9.70209E-04. 2.450016-04, 1.45196E W,  -1.13985E 06, 
400 1.48073E-03, 1.2712SE-04, -4.43845E 03, -1.47507E 06. 
a7CI ::z$E-z: :::=E z: 4 20 
a30 -1.24997E-04, 5.96241E-06, -5.38022E 03, 1.98087E 04, 
440 1 .26022E -02, 1.28864E-03, 0. I 0 .  8 
Z O  - : : Y E :  - ~ : % ~ ~ ~ - ~ ~ :  ;:94946E-W: -: 11766E-02: 
4 70 ; .  3089iE-04, 4.24523E-06, 0. I 0 .  8 
- 
- - - -  
- - - 
1480 VH( l , l , 24 )=  
990 
I500 -: ; 3 x :  -: ::::::z: 143: 49E-Z "0; -;: 5:;::; "0;: 
To -::z-z-::: ::%E :: :::;E z;: 
islo -1.30247~-01. -e .65938~-03,  3 . 0 5 9 1 9 ~  os, -1 .03074~ 07, 
;520 -7.02783E-02, -1.03961E-02, 3.05940E 06, -1.07633E 07, - - 
i550 -3.10668E-01. -9 .  S3845E-03. 4.21807E 06. -1.b1003E 07. 
16360 1.56761E-01; -2.20481E-02; -1.OF488E OS; 2.56807E 06; 
E m  -A:=-:$: -1.27% - - 1  .dB 
16590 -2.27203E-02; 6.02946E-04; -6.28833E 04; -1.89459E. 06; 
16600 1.22442E-02, 3.93836E-04, 3.00412E 05, -5.89323E 06, 
nsr  0 05, 5.47994t-04, - 05 ,  - 2394C 06,  
16620 -8.414125-01, -1.09983E-01 , &- . 0 .  8 
16630 1.42176E-01 I -7.49397E-OS, 0.  1 0 .  8 
16640 1.45639E-01, 1.85013E-04, -1.74447E-01, 1,75073E-01. 
-8 .  tgb46E-03, 2.6-48E- 04. 0 .  8 0 .  8 
16660 VH(1,1,25)= 
16670 -6.30607E-04, -2.82097E-04, -4.29355E 05. 2.73009E 07, 
16680 8.59402E-02, 2.83799E-02, 2.65513E Ob, -2.23732E 08,  
. 
- - - - 
I .  3;:: -;:zZE-::: -;.:z::-:;: :A?% E: -::%E E: 
16710 -0.14389E-02, -2.99816E-02, 9.04SG3E 06, -5.15333E 07, 
T6 130 - -2 .  16720 -9.98721E-01, - 3 . 1 6 a 6 6 ~ - 0 2 ,  4 . 1 0 6 6 1 ~  06, 4 . 0 3 5 1 7 ~  06, 
16740 . -__ .. I- 
16750 1.02594E-01, -5.10866E-02. -4.45479E 06, 2.49027E 08, 
16760 -1.90241E-01, -2.58601E-02. -3.64472E 06. 3.42530E 08. 
16770 -1.21160E-01, 8.62564E-05, -6.90206E OS. -6.b3973E 06, 
16780 '7.09214E-02, 1 ,68982E-03. 1.65992E 06, -1.67542E 07, - t-UL, I .z3dcul-ua, - UtJ , - LDYC u/, 
16800 7.40008E-01, 1.07669E-01, 0. , 0 .  8 
16810 -1.56535E-01, 6 .77Sl lE-04,  0. 1 0 .  
16820 -t.56584E-01, 3.87727E-04, 2.08020E-01, -7.94858E-01: 
T68.W - 4;Jt-uz, 314t-W. U.  u. I 
16840 VH( 1 , 1 ,261 = 
16850 -1.26856E-CA. - 3  11b35E-05, -3.87483E 04, 2.99489E 06, 
16860 8.88556E-03. 3.05128E-03, 3.93721E 03, -2.45551E 07, 
f68 /U 
16880 
16890 -7.87714E-03, -2 .  85577E-03. 1 4897QE 05. - 1 .  CSLWE 06, 
1.43634E 06. 16903 -1.83787E-03. -4.71050E-03, -1.84712E 04. 
m-+r -- e. 
- - 
- -  
- - - - - *  7: :.r$;z-::: -i:g:;AE-03, 9 . m z i :  - 
-..-. . - - - 
1',92C -f2%;5-:;: -2 E;:-::: A: EZ-z- 5 . 3 E  i:: 
16930 8.48804E-02, -9.59047E-05, -2.23566E 06. 5.06000E 06, 
16340 -6.31052E-02. -3.44518E-04. -2.53302E 06. 1.76773E 07, 
16960 -5.30779E-01, -6.02442E-03, -1.14531E 07, -1.03817E 07, 
16970 1.95141E-01. -4.78980E-03, 1.25510E 07. 9.61752E OS, 
T695IJ a.  U384at-ul. z .  brrBzzt-UZ, b % G  I ,  
16980 2.92689E-02, 4.61654E-03, 0. 0 .  I 
17010 -1.33840E-01. -9.78779E-03, 0. I 0 .  8 
- - - -::E%:-::: ; : zE-- : 18373E-03: 
17040 3.72608E-01, :x: EEE-::: J.. ZZ E: -; :
17080 s:zE:-o":: ?EE-E; -:%:E :E: -;=E E;: 
17020 VH( 1 ,1 ,27)=  
JU - 9m-w, - - 
17050 1.35624E-01, -2.12933E-02, 1.04776E 07, 1.78759E 08, 
17060 5.63891E-01, 4.98442E-03, 3.07691E 05, 1.32479E 08, 
17090 9.50851E-01, 6.51428E-02, -1.10422E 07, -7.36723E 06, 
17100 -5.91074E-01, 9.13877E-02, 2.39993E 06, -7.67129E 06, 
17120 2.73607E-01, 3.82754E-02, 6.78686E 06. -5.11801E 08, 
17130 -3.36146E-02, -7.35109E-03, -7.78364E 05,  -5.46628E 05, 
17140 3.74487E-02. -1.31?61E-03. 6.79812E 05 2.80411E 07, 
3.--03, 1 . 4  / I3bt  as; 2.-3/. 
m 10 - 3t-01, / ,  m 3 w E - O i c ,  /-, - 1m/t vu, 
17160 ::ZK:-:~: 1.18224E-01, 0 .  . 0 .  I 
17170 -1.63853E-01, 7.46395E-04. 0.  I 0 .  8 
17180 -1.63998E-01. 4.203476-04, 8.92158E-02, -3.16519E-01, 







17210 S L I S T 3  
17220 I TY PE-S, 




17280 OELEH= 15, 
17290 QFREQ=S5.2, 
17300 S E N D  




17370 I DAMP= 1 ,  
1 7380 ELEN= 15 , 
17390 QFREQ=55.2, 
17400 S E N D  
17420 IfYPE=5, 
17430 lLEM*3, 
17440 J f=  1 1,36, 
17470 I DAMP= 1 ,  
17480 OEL€M= 15, 
17500 S E N D  
17510 %LIS13 
17520 I fYPE=S, 
- 
SL 1 ST3 
J 
-0;:;: 




1 7590 QFREQ= 65.2, 
17600 S I 3 4 0  
I l b l U  SLlSIS 
17620 IfYPE=5, 
17630 I LEM.5, 
17640 J1=7,37, 
17670 IDAMP=l,  
17680 OELEM= 13, 
17700 S EM0 
17710 %LIST3 
17720 lTYPE=3, 
17740 JT= 1,21, 
17750 SK=lEG, 
17760 DBANDr250, 
1' E: it: ; : XE: 
UtU'33 * 2 8 
1 L t P l a 6 ,  
222 
17790 *LIST4 
1 1800 1 START= 0, 
17830 IPR?IUL=l500. 




17800 TRHl S= 
TEE A:; 185571dE-8, 
17910 B+-7.2149131E-3, 
17920 C= 1 .4332661€1 , 
17940 M A L =  
17950 0 . 1  , 300,0, 
17960 6YRO= 

















18180 1 , 1 ,  
4 . 1 .  
18200 4,1,  
18210 5 . 1 ,  
18220 7 , l .  
I I 
18240 9 .1  , 
18250 10 , l .  
18260 1 1 . 1 ,  
m f u  14,l. 
18290 19,1, 
18300 20,1, 
















z o  z::: 
18490 35,3, 
l8SOO 36.3. 
la310 3 f . 3 ,  
18520 NEPD= 
18530 1,3,1,  
18540 1 , 3 , 3 ,  
. 4 . 1  I 
18560 2 ,4 ,3 ,  
18570 3 , 1 1 , 1 ,  
18580 3 ,11 ,3 ,  
18600 4,20,3.  
18610 5.7.1, 
18620 5 ,7 ,3 ,  
18630 6 ,1 ,1 ,  
18640 6,1,3.  
-nradJ 1 ,  ae, 1 I 
18660 l ,34 ,3 ,  
18670 2,35,1,  
18680 2,35,3. 
J, 401 J I  
18700 3,36,1,  
18710 4 ,6 ,1 ,  
18720 4.6,3,  
4 , 2 0 . 1 ,  
it3740 5,37,3, 
it3760 6,21 , 3, 
v 








7 .5  E3 TETRA TEST RUN OUTPUT 
2 24 
1 M t  C U R R t I T  CAOCRAM LIMIT8 1 O R  T M t  I I C U 1  VARIADLCO ARE- ORIGINAL PAG; 
U 8  I O  01 CMTIICAL C D I I 1 8  I11 LOCATIO @I 1 M  W O A L  8 U t 8 T 8 l t W *  I O  OF P O W  
Y. I. 
01 CMVIICAL -8 I O  
8 U . l V D T l M  COIMl8 01 M O O t D  
1 1 0  10 
1 I O  18 
I IO i m  
8 I O  I 8  
I 1 0  D 
7 
10 10 
8 IO e 
~~ 
- IO ao 
















TmTL s t N r m I l t 0  mum lV1t c m  
MODI  COOROIRATt 1 R t O U t I c T  C O T t I T I A L  0 0.1LtIlDLt CtICRALIlto 811  
RUMDtR IUM8CR RCM E M t R C V  ?DCTOA l ~ R I G l 0  B O D Y  W E I C M T - L D  1 
1 I m a  J T o a n  0 1  0 1 I axom 01 o 
1 Y I 1  4 1 D I t  0 1  0 1 1 8181 0 2  0 
a a lava I i 7 a t  0 4  0 0 e l o w  01 I 1 
e 4 a 1 4 7  I 1 4 1 1  OB 0 0 e 11.1 os 1 . 1  
m I I 1 1 1  I 0 4  0 0 0 D I I m  01 I 1  
I S 1 8 1 1 1  1 8 8 * E  01  0 0 1 018t 0 2  7 7 
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